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Pure magnesium and its alloys have considerable potential for both selection and use as a light 
weight structural material for various engineering applications such as automobile, aerospace, 
sports-related, electronics and biomedical and health care industries.  Magnesium materials are 
more preferred especially for weight critical applications without compromising on the overall 
strength of the product.  With Young’s modulus (40 GPa to 45 GPa) similar to natural bone, 
biocompatibility, ability to degrade invivo without toxicity and lower stress shielding effects with 
possibility to eliminate second surgery for the implant removal, magnesium based materials are 
also potential candidates for biomedical applications especially for bone implants.  Low density 
and high specific mechanical properties of pure magnesium and its alloys make them more 
attractive for the researchers to develop new magnesium based materials targeting good 
mechanical properties.  Three approaches primarily utilized for improving the mechanical 
response of pure magnesium and its alloys are: (a) addition of micron sized ceramic particulates 
such as SiC, (b) addition of nanoparticles (NPs) such as TiB2, other ceramics or carbon nanotubes 
(CNTs) and (c) addition of nano/micron sized metallic particles such as Ti.  Among the 
reinforcement types, increasing attention is paid to the addition of inexpensive nanoparticles 
targeting simultaneous improvements in strengths and ductility of the magnesium and its alloy 
with inappreciable weight gains are more noticeable.  Accordingly, in the present study, effects of: 
(1) Ti based reinforcement in the form of nanoparticulates: (a) metallic titanium, (b) ceramics of 
titanium such as titanium diboride (TiB2), titanium carbide (TiC), titanium dioxide (TiO2) and 
titanium nitride (TiN), (2) primary synthesis techniques such as disintegrated melt deposition 
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(liquid-phase) and powder metallurgy (solid-phase) on Mg-TiO2 nanocomposites containing TiO2 
nanoparticulates, and (3) morphology of titanium dioxide (TiO2) in the form of nanofibers and 
nanoparticulates on the microstructural and mechanical properties of pure magnesium in the 
absence of microstructural factors related to the presence of precipitates and heat treatment are 
investigated.   
 Mg-Ti based nanocomposites containing Ti based reinforcements (metal and ceramics) are 
successfully synthesized by disintegrated melt deposition technique followed by hot extrusion.  
The microstructural characterization of the nanocomposites indicated fairly uniform distribution 
of reinforcements with minimal porosity and good interfacial integrity between the Mg matrix and 
titanium based nanoparticulates.  The grain size of pure magnesium was found to decrease with 
the addition of nanoparticulates and with addition of Ti (metal) nanoparticulates, significant 
reduction in the grain size of pure magnesium was observed.  Mg 1.98 vol. % Ti exhibited the 
minimum grain size of ~ 1.25 μm.  The addition of harder Ti based nanoparticulates improved the 
microhardness values of pure magnesium and among the Mg-Ti based nanocomposites Mg 1.98 
vol. % TiB2 exhibited the maximum hardness value of ~ 76 Hv which is ~ 46% greater than that 
of pure magnesium.  Under room temperature tensile and compressive loading, Ti (metal or ductile 
phases) nanoparticulates contributed to the strengthening of pure magnesium whereas significant 
improvement in the fracture strain values of pure magnesium was visible with the addition of Ti 
(ceramic or brittle phases such as TiC, TiB2, TiO2, TiN) nanoparticulates.  Under tensile loading, 
Mg 1.98 vol. % Ti exhibited the maximum 0.2 % tensile yield strength and ultimate tensile strength 
properties of ~ 162 MPa and ~ 231 MPa, respectively and Mg 0.97 vol. % TiC exhibited the 
maximum tensile fracture strain value of ~ 22%.  Under compressive loading, Mg 0.97 vol. % Ti 
exhibited the maximum 0.2% compressive yield strength and ultimate compressive strength of ~ 
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130 MPa and ~ 413 MPa, respectively.  Theoretically, improvement in the strength properties of 
pure magnesium is found to be due to the contribution of Hall-Petch strengthening.  Further, 
significant improvement in the fracture strain values of pure magnesium with the addition of 
ceramics of Ti was observed and this is due to the ability of critical quantities of ceramics of 
titanium to modify/weaken the basal texture of pure magnesium. 
To study the effect of primary synthesis techniques, Mg (1.98 and 2.5) vol. % TiO2 
nanocomposites were primarily synthesized utilizing solid-phase blend-press-sinter powder 
metallurgy (PM) technique and liquid-phase disintegrated melt deposition technique (DMD) 
followed by hot extrusion.  Microstructural characterization of the synthesized Mg-TiO2 
nanocomposites indicated significant grain refinement with DMD synthesized Mg 
nanocomposites exhibiting as high as ~ 47% for 2.5 vol. % TiO2 NPs addition.  X- ray diffraction 
studies indicated that texture randomization of pure Mg depends not only on the critical amount 
of TiO2 NPs added to the Mg matrix but also on the adopted synthesis methodology.  Irrespective 
of the processing technique, theoretically predicted tensile yield strength of Mg-TiO2 
nanocomposites was found to be primarily governed by Hall-Petch mechanism.  Among the 
synthesized Mg materials, solid-phase synthesized Mg 1.98 vol. % TiO2 nanocomposite exhibited 
a maximum tensile fracture strain of ~ 14.5%. Further, the liquid-phase synthesized Mg-TiO2 
nanocomposites exhibited higher tensile and compression properties than those primarily 
processed by solid-phase synthesis.  The tensile-compression asymmetry (TCA) values of the 
synthesized Mg-TiO2 nanocomposite was found to be lower than that of pure Mg with solid-phase 
synthesized Mg 1.98 vol. % TiO2 nanocomposite exhibiting TCA as low as 1.06. 
To study the effect of powder morphology, an attempt is made to compare the effects of 
TiO2 morphology in the form of nanoparticulates and nanofibers on the physical, mechanical and 
V 
 
microstructural properties of pure magnesium.  Pure magnesium and Mg (1.98 and 2.5) vol. % 
TiO2 nanocomposites were synthesized by powder metallurgy technique coupled with microwave 
sintering followed by hot extrusion.  X-Ray diffraction studies of the synthesized magnesium 
materials indicated that morphology of ultrafine reinforcements play a vital role in modifying the 
strong basal texture of pure magnesium.  The microstructural characterization of Mg-TiO2 
nanocomposites indicated significant grain refinement of pure Mg with TiO2 nanoparticulates 
contributing more effectively exhibiting as high as 22% reduction in grain size observed with Mg 
2.5 vol. % TiO2 nanocomposite having TiO2 in the form of nanoparticulates.  Under tensile 
loading, with addition of 1.98 vol. % TiO2 nanoparticulates and nanofibers, significant 
improvement in the tensile fracture stain of pure magnesium of ~ 14.5% and ~ 13.5%, respectively 
was observed.  Further, marginal changes in the tensile strength of pure magnesium by ~ 10 MPa 
was observed with the addition of TiO2 reinforcements.  Under compression loading, among the 
synthesized magnesium materials, Mg-TiO2 nanocomposites containing 1.98 vol. % TiO2 
nanofibers exhibited superior strength properties with a maximum 0.2% offset compressive yield 
strength and ultimate compressive strength of ~ 90 MPa and ~ 300 MPa, respectively.  Further, 
decrease in the tension-compression asymmetry values was found to be more significant in Mg-
TiO2 nanocomposites where TiO2 was used in the fiber form.  The results revealed that TiO2 
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For several years, Research and Development on lightweight materials is of particular interests 
owing to high emphasis on greenhouse gas reduction and improving the fuel efficiency especially 
in the transportation sector.  For every 10% of total vehicle weight reduction, vehicle fuel economy 
has been estimated to be improved by 7% [1].  Pure magnesium and its alloys have considerable 
potential for both selection and use as a light weight structural material for various applications in 
automobile, aerospace, sports-related and electronics industries.  Magnesium (Mg) with high 
specific mechanical properties is a potential candidate material for realizing lightweight 
construction and is more preferred especially for weight critical applications without 
compromising on the overall strength of the product.    It is the sixth most abundant element in the 
earth’s crust contributing to approximately 2.7% by weight.  Further, magnesium materials have 
also recently attracted great interest for biomedical applications.  Among the metals, magnesium 
and pure iron (Fe) possess excellent biocompatibility with no signs of systemic or local toxicity 
[2-4].  Magnesium possesses lower Young’s modulus (40 to 45 GPa) which is closer to that of 
natural bone (3 to 20 GPa) and assists in mitigating the stress shielding effects and thereby 
eliminates secondary surgery targeting orthopedic implant applications.  Low modulus, limited 
ductility and poor wet corrosion resistance are some of the deficits of magnesium materials which 
restricts their extensive applications.  
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To realize simultaneous improvements in both strength and ductility of magnesium 
materials, when compared to alloying and grain refinement, dispersion strengthening through 
addition of inexpensive nanoparticulates (NPs) is getting tremendous attention [5].  The 
addition of nanoparticulates also allows insignificant weight gains of magnesium materials and 
is then considered as a promising technique. Titanium (Ti, metal) exhibits excellent corrosion 
resistance and high specific strength.  Due to high cost, Ti and Ti alloys are extensively used only 
in aerospace industry, racing cars and special purpose parts for automobile industry [6].  Further, 
Ti and Ti alloys are also considered as the most attractive metallic materials for biomedical 
applications targeting permanent implants [7].  They are used for load bearing applications 
especially in orthopedics [7].   
 Ceramics of Ti include titanium carbide (TiC), titanium nitride (TiN), titanium dioxide 
(TiO2) and titanium diboride (TiB2).  Among the ceramics of Ti, TiC, TiB2 and TiN exhibit 
exceptional hardness, modulus and high resistance to erosion and corrosion properties.  They are 
used as coatings for improving the wear resistance of implants.  TiC NPs are classified as non-
toxic for a range of dosage levels (acute doses of 5, 50, 300 and 1000 mg kg-1 and sub-acute doses 
of 0.5 and 50 mg kg-1) in rats [8].  Titanium nitride (TiN) coated titanium material did not induce 
any acute systemic toxicity in mice [9].  The material was classified as non-irritant and 
biocompatible after 1, 4 and 12 weeks of implantation.  Even though the mechanical properties of 
TiO2 is comparatively lower than the other ceramics of Ti, low cost, nontoxic, chemical and 
biological stability properties make TiO2 an attractive reinforcement for metal matrix composites 
[10].  Further, TiO2 is a bioactive material and a preferred reinforcement to improve the bioactivity 
of composites targeting biomedical applications [11].  Apart from the size, type and quantity of 
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NPs added to metal matrix, type of synthesis technique play a vital role in composite technology 
by primarily controlling the dispersion of reinforcements within the metal matrix.     
 Over a period of years, many works on studying the effect of particle size of reinforcement 
powders on the mechanical response of magnesium materials have been investigated [12-17].  
Particle shape of the powder can be: (a) regularly shaped such as spherical or (b) irregularly shaped 
such as ellipsoid, angular, dendritic etc.  Recent advancements in the areas of microscopy have 
enabled researchers to understand nanoscale materials more effectively.  Special attention was 
focused on synthesis and characterization of materials containing particulates of nano-length scale 
due to their larger surface area with possibilities of higher surface contact with the metal matrix.  
Based on the number of dimensions, the nanomaterials can be classified as: (a) zero-dimensional 
(0-D) or dimensionless such as nanoparticles (NPs), (b) one-dimensional  (1-D) with needle-like 
shaped such as nanofibers (NFs), nano tubes, nano wires and nano rods, (c) two-dimensional (2-
D) with plate-like shaped such as nano films and (d) three-dimensional (3-D) or bulk 
nanomaterials.  Nanofibers are one of the advanced and very promising nanomaterials with high 
specific area owing to their small diameters and are used for wide range of applications including 
biomedicine especially in tissue engineering, wound healing and drug delivery [18]. Unlike 
dispersion strengthened materials, fiber-strengthened materials contain high modulus fibers that 
can carry the entire load transmitted by the matrix [19].  Accordingly, the specific aims of this PhD 
study is discussed under the forthcoming Section 1.2.   
1.2 Specific aims of the study 
I. To investigate on the effects of type of reinforcements (metal and ceramics) in the nano-
length scale on the microstructure and mechanical properties such as micohardness, tensile 
and compression properties of pure Mg in the absence of microstructural factors related to 
4 
 
the presence of precipitates and heat treatment synthesized by disintegrated melt deposition 
technique followed by hot extrusion.  In the present study, titanium based reinforcements 
such as titanium (metal) and ceramics of titanium such as titanium carbide, titanium 
diboride, titanium nitride and titanium dioxide are utilized. 
II. To investigate on the effects of type of primary processing techniques such as disintegrated 
melt deposition (DMD, liquid phase) and powder metallurgy (PM, solid phase) on the 
microstructural and mechanical properties of low volume fraction NPs reinforced Mg 
composite.  In the present study, owing to the alluring advantages of TiO2 material, it is 
considered as a potential reinforcement for fabrication of Mg nanocomposites. 
III. To investigate on the effect of morphology of TiO2 reinforcement in the form of 
nanoparticulates and nanofibers on the microstructure and mechanical properties of pure 
Mg synthesized by blended-press-sinter powder metallurgy technique followed by hot 
extrusion. 
1.3 Organization of thesis 
The forthcoming chapters of the thesis are organized as follows: 
Chapter 2 introduces the literature survey on the importance of magnesium metal matrix 
composites (Mg-MMCs), types of processing methods for Mg-MMCs and major strengthening 
mechanisms of Mg-MMCs.  
Chapter 3 describes the details of materials, processing methods and characterization 
techniques utilized in the development of Mg-Ti based nanocomposites.  
Chapters 4 to 8 individually discuss on the microstructure and mechanical properties of 
low volume fraction titanium (Ti, metal) and ceramics of Ti (TiB2, TiO2, TiC, TiN) nanoparticulate 
reinforced magnesium metal matrix composites, respectively, synthesized by disintegrated melt 
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deposition technique followed by hot extrusion.  The tensile yield strength (TYS) of the developed 
Mg-Ti based nanocomposites are theoretically predicted by calculating the individual 
contributions of major strengthening mechanisms of Mg-MMCs and utilizing the analytical 
models such as summation of strengthening contributions and modified Clyne model and are 
compared to that of experimental 0.2% TYS values of the composites. 
Chapter 9 presents the study on the effect of primary processing techniques such as 
disintegrated melt deposition technique (DMD, liquid-phase synthesis) and powder metallurgy 
(PM, solid-phase synthesis) on the microstructural and mechanical properties of low volume 
fraction TiO2 NPs reinforced pure magnesium composites.  Particular emphasis of this study is to 
analyze the effects of synthesis technique on the interparticulate spacing between the NPs within 
the Mg metal matrix. Using the experimentally observed interparticulate spacing between the NPs 
through microstructural characterization, the actual contribution of Orowan strengthening to the 
theoretically predicted tensile yield strength (TYS) of Mg-TiO2 nanocomposite is ascertained. The 
major strengthening contributions to the TYS of the Mg-TiO2 nanocomposite synthesized by both 
DMD and PM techniques are compared and analyzed. The TYS of the synthesized Mg-TiO2 
nanocomposites are theoretically predicted using the analytical models such as summation of 
strengthening contributions and modified Clyne models and are compared to that of the 
experimental 0.2% TYS values. 
Chapter 10 presents the study on the effects of TiO2 reinforcement morphology in the form 
of nanoparticulates (0-D) and nanofibers (1-D) on the microstructural and mechanical properties 
of monolithic pure magnesium synthesized by blend-press-sinter powder metallurgy technique 
followed by hot extrusion.  
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Chapter 2  
Literature Survey 
2.1 Magnesium metal matrix composites (Mg-MMCs) 
Magnesium (Mg) is the lightest metal for weight critical structural applications.   Magnesium-
based materials due to their low density offer high specific strength.  Besides being light, they 
also provide the following characteristics: (i) good castability, (ii) machinability, (iii) thermal 
stability, (iv) good damping characteristics, and (v) overall resistance to electromagnetic 
radiation [1-3].  The density (1.74 g/cm3) of magnesium is one fifth of steel, two thirds of 
aluminum and only one quarter of zinc [4].  The plastic deformation capabilities of hexagonal 
metals, such as magnesium, are strongly affected by its hexagonal crystal structure (HCP).  The 
potential to improve the mechanical properties of materials significantly makes the metal 
matrix composites (MMCs) critical to study. For the past few years, more attention was given 
to the development of new MMCs especially for weight critical applications as they may assist 
in energy saving, reduction in fuel consumption and in biomedical applications. 
2.1.1 Deformation behavior of magnesium 
The possible slip systems in HCP magnesium are: (a) basal slip in {0001} planes along <112ത0> 
direction, (b) prismatic slip in {101ത0} planes along <112ത0> direction (c) pyramidal slip <a> 
slip in {101ത 1} plane along <1ത21ത0> direction, (d) pyramidal <c+a> type-I slip in {101ത1} planes 
along <21ത1ത3ത> direction, and (e) pyramidal <c+a> type II slip in {21ത1ത2} planes along <112ത3>  
direction [5-7].  In addition to slip, plastic deformation in magnesium materials is often 
accommodated by twinning [8] such as: (a) {101ത2} tensile twins with 86° <112ത0> rotation 
orientation relationship between the twin variants and the un-twinned matrix, (b) {101ത1} 
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compression twins with 56° <112ത0> rotation and (c) {101ത1}-{101ത2} double twins with 38° 
<112ത0> rotation between the twin variants and the untwinned matrix [5-7].  The presence of 
possible deformation mechanisms complicates the deformation behavior of materials having 
HCP crystal structure [9].  At room temperature, slip in pure magnesium occurs only on one 
close packed plane (i.e. the basal plane) and the corresponding slip (i.e., basal slip) is the most 
dominant mechanism that governs the tensile deformation of Mg-based materials [10, 11].    
Hence, the Von Mises criterion of five independent slip systems for noticeable plastic 
deformation cannot be easily achieved for magnesium.  Thermo-mechanical processes like 
extrusion results in strong texture development in magnesium materials aligning the basal 
planes parallel to the extrusion direction and therefore higher yield strength under room 
temperature tensile loading and a lower yield strength in room temperature compressive 
loading is observed [12, 13].  Under compression, the initial deformation of magnesium 
materials is by tensile twinning as the critically resolved shear stress (CRSS) required to initiate 
twinning is lower than that for activating the basal slip [14].  Due to the directional nature of 
twinning, magnesium materials show a large anisotropy when deformed under different stress 
states and initial textures [15, 16].  A way to capture the anisotropy of Mg materials is through 
measuring tensile-compression anisotropy “TCA” which is σy,t / σy,c, where σy,t and σy,c are 
uniaxial tensile and compressive yield strengths respectively [8].  In order to improve the 
deformation behavior of magnesium materials, activation of non-basal slip systems or twinning 
through texture modification is important.  Recent literature study reveals that by addition of 
nanoscale reinforcements, it is possible to improve the deformation behavior of magnesium 
[14, 17-19] through activation of non-basal slip systems.  
2.1.2 Selection of reinforcements  
Reinforcements can be classified based on their type such as: (a) metallic and (b) ceramic and 
size such as: (a) micon (1 x 10-6 m to 100 x 10-6 m), (b) submicron (0.1 x 10-6 m to 1 x 10-6 m) 
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and (c) nano (1 x 10-9 m to 100 x 10-9 m).  In general, the ceramic particulate reinforcements 
can be grouped into (a) oxides, (b) carbides, (c) nitrides and (d) borides [20].  The flexibility to 
select reinforcements allows the researchers to engineer new magnesium-based composites by 
reinforcing with hard and inexpensive ceramics/metals for purpose of tailoring the properties.   
More focus on the addition of inexpensive nanoparticulates (NPs) to enable simultaneous 
improvements in strengths and ductility of the magnesium-based composites with 
inappreciable gain in weight has been observed.  Moreover, noticeable improvements in room 
temperature ductility of magnesium materials have been made possible by the activation of 
non-basal slip systems through a modification of the texture by controlled addition of nano 
scale reinforcements [10, 18, 19, 21-23].  Table 2.1 shows the properties of Ti (metal) and 
ceramics of Ti (TiB2, TiC, TiO2, TiN) reinforcement materials considered in the current study. 
Table 2.1: Properties of Ti (metal) and ceramics of Ti (TiB2, TiC, TiN, TiO2) 
Reinforcement  
in the form of 
Nanoparticulates 

























Ti [24] hcp 4.5 40 1667 120 0.830-3.420 8.9 
TiB2 [25, 26] Hexagonal 4.52 60 2790 530 34 7.9 
TiC [27] Cubic 4.93 40 3067 300-480 29-32 7.4 
TiO2 [28] tetragonal 4.23 21 1843 230 7-11 9 
TiN [28] Cubic 5.22 20 2930 390 24 9.35 
 
2.2 Processing of Mg metal matrix composites  
Primary processing of Mg metal matrix composites (Mg-MMCs) can be classified into liquid-
phase and solid-phase processes. 
2.2.1 Liquid-phase processing  
There are five liquid-phase processing techniques for synthesizing Mg-MMCs and they are:  
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 Conventional casting, 
 Liquid infiltration,  
 In-situ processes,  
 Spray deposition, and  
 Disintegrated melt deposition technique. 
Mg-MMCs can be processed by addition of reinforcements into the liquid metal matrix.  
Advantages of liquid-phase processing are:  
 Near net-shape forming capability,  
 Faster rate of processing, and  
 Relatively low melting temperatures associated with melting most light metals like Mg 
and Al based materials.  
2.2.1.1 Conventional Casting    
Casting is a conventional technique used for synthesizing both magnesium alloys and Mg-
MMCs.  The advantages, applications and disadvantages of various conventional casting 
techniques are discussed in Table 2.2.  
2.2.1.2 Liquid Infiltration 
This method is primarily used to synthesize Mg-MMCs. Reinforcing phase is made in the form 
of a porous object with a mold and the molten metal matrix is allowed to pour through the 
interstices to fill the pores and form a composite.  Based on the force requirements for 
infiltration, this technique can be classified into two types:  
 Pressure-less infiltration (zero force required), and 
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Parts are produced by pouring 
molten metal into a sand mold 
cavity.  
 
Metal-mold reactions can be 
minimized by controlling moisture 
content of sand and use of suitable 
volatile inhibitors.  The amount of 
inhibitors to be added depends 
mainly on the density difference 
between the raw materials, 


















Molten metal is forced through a 
narrow gate at a faster rate and fills 
the mold cavity.  A high pressure of 
40 to 1000 MPa is applied to force 
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Widely used to 
produce thin walled 
and intricate shaped 
metallic parts.  
Predominantly used to 
synthesize Mg alloys 
and seldom for Mg 
composites.  Majority 
of Mg alloys are 
synthesized using 







In direct squeeze casting (similar to 
forging process), the molten metal 
is poured into a female die (bottom) 
and male die (top) is lowered down 
till it closes the female die.  
Temperature of the fiber and melt, 
high pressure and spacing between 
the fibers are essential process 
control parameters to obtain high 
quality as-cast materials with 
minimal solidification shrinkage 
and porosity. 
 
In Indirect squeeze casting (similar 
to die casting process), molten 
metal is poured into a sleeve in the 
casting equipment and the melt is 
injected into the die and then 
solidified under pressure.  Molten 
Can produce 
low porosity 
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metal injection speed has to be 
carefully selected to achieve less 
porosity.    





Thixomolding is similar to plastic 
injection molding.  The raw 
material in the form of chips is 
heated below the liquidus 
temperature under argon gas 
atmosphere.  Heating takes place 
within a screw which can rotate and 
thereby forms slurry.  The slurry is 
then injected at higher speeds into 
the die. 
 
Rheocasting uses raw material in 
the form of molten alloy.  It 
involves formation of slurry (in the 
form of semi-solid state) followed 
by high pressure die casting 
(HPDC).  For fabrication of metal 
matrix composites, the 
reinforcements are added within the 
semisolid temperature and the 
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when compared 
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The raw materials are melted within 
a graphite crucible in the presence 
of inert gas (Ar) atmosphere using 
a resistance heating furnace.  After 
reaching adequate temperature, the 
molten metal is then stirred and 
allowed to down pour into the 
mold. 
 
Critical decisions on stirring speed 
and time has to be established based 
on the difference in the densities 
between the metal matrix and 










the bottom of the 
as-cast and high 
interfacial 
reactions.  








Pressure-less infiltration is also called as spontaneous infiltration technique.  It does not require 
any external force to infiltrate the molten metal into the pores of the preform.  Due to the 
absence of pressure, there are possibilities of high porosity in the materials synthesized using 
this technique.  Composites synthesized using pressure assisted infiltration are usually denser.  
Either an inert gas or a mechanical device is utilized as a pressurizing medium.  Major 
advantage of this process is the possibility of synthesizing near dense materials with 
unappreciable porosity levels.  Some of the major drawbacks of this process are possibilities 
for reinforcement particulates to break during infiltration and formation of heterogeneous 
microstructures.   
2.2.1.3 In-situ Process  
It is a process for synthesizing composite materials where the reinforcements are formed in the 
matrix by controlled metallurgical reactions [4].  For synthesizing metal matrix composites, 
ceramic particulates are formed by reaction between the metal matrix and a master alloy to 
obtain a composite of desired reinforcement volume fraction.  Reinforcement is one of the final 
reaction products and it is uniformly distributed throughout the metal matrix [4].  Alumina 
(Al2O3) as reinforcement particulates is generated by the reaction shown in the following Eq. 
2.1:  
   Al + SnO2 = Al2O3 + Sn      (2.1) 
Reaction temperature between the metal matrix and the master alloy can be used to tailor the 
desired reinforcement particulate size.  The major advantage of in-situ reaction is the 
elimination of problems typically associated with wetting of the particulate, so a relatively 
clean and strong interface is typically formed. The number of composite systems where 
reaction processing is beneficial, however, is limited.   
2.2.1.4 Spray Forming 
In spray forming or spray deposition, the metal or alloy is melted and the liquid stream is 
atomized using an inert gas.  The atomized droplets are then directed or spray deposited onto a 
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substrate to build up bulk metallic materials [4].  In spray forming, the metal is usually melted 
in an induction furnace and the reinforcing particulates may be introduced into the molten 
metallic spray.  The major disadvantages of magnesium materials synthesized by spray forming 
technique are:  
a. Non uniform distribution of reinforcement particulates, and  
b. Possibilities of high porosity due to very high cooling rate employed in the process. 
The distribution of reinforcement particulates in the liquid droplet depends on the size of the 
reinforcement and the process sequence at which the reinforcements are injected into the metal 
matrix.  When the particulates are injected into the liquid metal matrix immediately after 
atomization, the particulates are able to penetrate themselves into the liquid droplet, and a 
relatively homogenous distribution of particulates in the matrix is obtained following 
deposition.  Injection of the particulates later in the process, i.e., when the matrix droplet is in 
semisolid state, incorporation of the particulates into the matrix is restricted, causing the 
particulates to reside on the surface of the matrix droplet.   
2.2.1.5 Disintegrated Melt Deposition Technique 
Disintegrated melt deposition (DMD) technique was developed in early 1990s [33].  A 
schematic diagram of DMD technique representative of its actual set up developed at National 
University of Singapore is shown in Figure 2.1.  DMD is a unique technique which brings 
together the cost effectiveness associated with conventional casting process and the scientific 
innovativeness and technological potential associated with spray forming process.  However, 
unlike spray forming, DMD technique uses higher superheat temperatures and lower impinging 
gas jet velocity.  Within a graphite crucible, the magnesium materials along with alloying 
elements or reinforcements are superheated to 750 °C under an argon gas atmosphere using a 
resistance heating furnace.  For achieving homogeneous Mg material, the superheated slurry is 
stirred at 465 rpm for 5-10 min using a twin blade with a pitch of 45°.  ZIRTEX 25 (86% ZrO2, 
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8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O, and 0.3% trace inorganic) coating is applied on 
the stirrer to avoid iron contamination of the molten metal.  After stirring, the molten metal is 
then allowed to down pour into the mold, under the influence of gravity, through a 10 mm hole 
in the crucible.  Before entering the mold, the molten metal is disintegrated by two jets of argon 
gas oriented normal to the melt stream.  The flow rate of argon is maintained at 25 L/min and 
an ingot of 40 mm diameter is normally obtained.  The 40 mm ingots obtained are then 
machined to a diameter of 36 mm.   
 
Figure 2.1:  Schematic diagram of disintegrated melt deposition technique. 
2.2.2 Solid-phase Processing 
When the syntheses of materials are done at a temperature below the solidus temperature of the 
metal matrix phase, the syntheses are termed as solid-phase processing.  The advantages of 
solid-phase processing are:  
 Metastable phase formation is possible in the microstructure, and 
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 Materials with superior strength levels can be obtained. 
Powder Metallurgy Technique 
The most common solid-phase processing technique for synthesizing Mg-MMCs is powder 
metallurgy (PM) technique.  Raw material (metal or ceramic) in the form of powders are 
formed into specific shape and subsequently sintered at a pre-specified temperature.      
Powder metallurgy technique has the capability of forming near net shaped products.  Initial 
stage of PM technique is blending where the powders (raw material) are mixed 
homogeneously.  The blending conditions mostly depend on the density difference between 
the constituents of the powder mixture.  After blending, cold press or hot press or hot 
isostatic press is employed to produce a “green compact”, which is about 80% dense and 
then followed by sintering.  Sintering should be effective enough to improve the bonding 
between the powders and thereby to minimize porosity.  It can be done by using a traditional 
resistance heating furnace [34, 35] where the direction of heating is from outside to inside 
of the powder compact resulting in poor microstructural characteristics of the core of the 
material [36].  Microwave can also be utilized to sinter the green compact where both 
electric and magnetic field act together to sinter the compact.  When compared to the 
conventional sintering, heating in microwave sintering is able to achieve comparably higher 
densities [37].  Desirable properties of materials can be achieved through microwave 
sintering due to [37]: 
a. Shorter sintering time, and 
b. Lower sintering temperatures. 
Unlike in traditional heating, the direction of heating in microwave is from inside to outside 
of the powder compact which results in poor microstructural characteristics of the surface 
[36].  A recent work on microwave sintering with two directional heating employing 
microwaves together with microwave-coupled external heating source is shown in Figure 
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2.2 (a) and (b).  It is utilized for rapid sintering which effectively mitigates the drawbacks 
of the former sintering processes such as microstructural non-uniformity and presence of 
poor microstructural characteristics of the core as well as surface of the material [36].  A 
layer of silicon carbide (SiC) is placed between the inner and outer crucibles (as shown in 
Figure 2.2 (b)).  The SiC layer absorbs microwave energy readily and thereby is heated up 
quickly.  The green compact placed within the inner crucible is heated up by both the 
microwaves and SiC susceptor.    
2.2.3 Additive Manufacturing  
Additive manufacturing is used to create metal and polymer parts layer-by-layer.  It is also 
called as rapid manufacturing or rapid prototyping or solid free form fabrication which enables 
fabrication of highly complex physical objects assisted by Computer Aided Design (CAD) 
systems.  The model generated using CAD software is sliced into many layers with every layer 
defined by a layer thickness and the object is built in a layer-by-layer fashion [38].  Selective 
laser melting (SLM) is an additive manufacturing process which uses energy from laser beam 
to selectively melt powders.  Bottom to top approach is usually utilized such that once a layer 
of available powder is sintered, a new layer of powder is deposited and are subsequently 
sintered.  No support structures are utilized to build parts.  Components utilizing polymers, 
ceramic powders and metallic powders can be synthesized by using SLM method.  The 
microstructure and mechanical properties of SLM sintered parts largely depend on the laser 
power and laser scan speed utilized during synthesis [39].    
Other synthesis techniques seldom utilized for fabrication of Mg-MMCs are: 
a. Zone solidification technique [40], and 
b. Conventional powder metallurgy followed by spark plasma sintering technique [41]. 
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(a) 
                  
(b) 
Figure 2.2 (a) Hybrid microwave experimental setup and (b) top view of the setup.   
2.2.4 Secondary Processing of Mg-MMCs 
Through extensive literature survey, it was observed that hot extrusion and hot rolling are the 
two most commonly used secondary processing techniques for synthesizing magnesium based 
materials. 
2.2.4.1 Hot extrusion  
Extrusion is a forming process where a block of metal is forced through an orifice of a die 
under high pressure.  During extrusion, high compressive forces act on the extrusion billet (raw 
material) which mitigates the cracking of primary processed materials.  Based on the direction 
of extrusion process, it is classified into two types and they are: 
 Direct or forward extrusion, and 








In direct extrusion, the billet is between the die and the ram and the extrusion rod is obtained 
in the same direction at which the pressure is applied.  Whereas, in indirect extrusion, the die 
is between the billet and the ram and the extruded rod is obtained opposite to the applied 
pressure direction.  The following are the process control parameters of hot extrusion process: 
 Extrusion ratio, 
 Working temperature, and 
 Deformation speed. 
The extrusion ratio is defined as the ratio between the initial cross-sectional area of the billet 
to the final cross-sectional area of the extrusion rod.  Most of the metals are hot extruded as the 
deformation resistance of metals decreases with an increase in temperature.  Extrusion working 
temperature should be well below the melting point of metals.  Lower working temperature is 
advisable to mitigate problems such as oxidation of materials and softening of working tools 
at higher temperatures [42].  Usually the experiments are standardized with best process control 
parameters through many trials.  During standardization, different combinations of experiment 
parameters are usually employed on many materials for achieving the best desirable properties. 
2.2.4.2 Hot rolling  
Rolling is a forming process where the metal is plastically deformed by passing it through the 
rolls.  By this process, the metal is subjected to high compressive stresses due to squeezing 
action of the rolls and surface shear stresses due to friction between the rolls [42].  The main 
objective of this process is to reduce the thickness of metal.  Through this process, thin plates 
are produced directly from ingots.   
2.3 Major strengthening mechanisms of Magnesium 
nanocomposites 
The major mechanisms contributing to the strengthening of nanoparticulate reinforced metal 
matrix composites (MMCs) are [43]: (1) Orowan strengthening from dislocation bowing by 
nanoparticulates (NPs), (2) Hall-Petch strengthening from grain refinement, (3) Forest 
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strengthening resulting from mismatch in the coefficient of thermal expansion values (CTE) 
between the Mg matrix and NPs, (4) Taylor strengthening due to mismatch in the modulus 
values between the Mg matrix and NPs and (5) strengthening due to load bearing of NPs. 
2.3.1 Orowan strengthening 
Orowan strengthening is due to the resistance offered by the ultrafine particulates to dislocation 
movement by formation of dislocation loops around the particulates.  These dislocation loops 
possess high work hardening rates and thereby assist in the strengthening of metal matrix 
composites (MMCs).  The strength improvement due to Orowan effect of nanoparticulate 
reinforcement within the Mg matrix is given by Orowan-Ashby equation as shown in Eq. (2.2) 
[44]: 




Where, G is the shear modulus of Mg (17.3 GPa) [45], b is the Burgers vector of Mg (3.21 x 
10-10 m) [46], r and dp are the average radius and diameter of NPs, respectively.  The 
interparticulate spacing (λ) between the NPs within the Mg metal matrix is given by Eq. (2.3) 
[47, 48]: 
 
ߣ ൌ ݀௣	 ቎ቆ 12 ௣ܸ ቇ
ଵ
ଷ െ 1቏ (2.3) 
Where, Vp is the volume fraction of NPs.   
 The design of Mg-MMCs based on the theoretical contribution of Orowan 
strengthening varying with (a) size of the reinforcements such as nano (10 to 100 nm), sub-
micron (0.1 and 0.5 μm) and micron sized (1 μm) and (b) volume fraction of the reinforcement 
particulates is shown in Table 2.3.  Considering the cost of the NPs and the effectiveness of the 
available synthesis methodologies to uniformly disperse the NPs within the Mg metal matrix, 
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a critical threshold of 2.5 vol. % is considered in the case of nanoparticulate reinforced Mg-
MMCs.  From Table 2.3, for a constant volume fraction, the contribution of Orowan 
strengthening decreases with increase in the size of the particulates.  For example, considering 
a constant volume fraction of 2.5 vol. %, the Orowan strengthening contribution for particulate 
size of ~ 1 μm is almost negligible whereas strength as high as ~ 147 MPa is theoretically 
predicted for particulate size of 10 nm.  In the case of Mg matrix microcomposites, maximum 
strength of ~ 65 MPa is predicted with particulate size and quantity of 0.5 μm, 40 vol. %, 
respectively.  But, the presence of high volume fraction reinforcements significantly contribute 
to the density of Mg materials which pose a major limitation especially targeting towards 
synthesizing light-weight materials.   
 For the activation of Orowan strengthening, synthesis methodologies play a vital role 
in controlling the interparticulate spacing for avoiding clustering of particulate reinforcements 
within the metal matrix.  Table 2.3 shows the theoretically predicted interparticulate spacing 
for varying particulate size and quantity of reinforcements.  Interparticulate spacing between 
the particulates was found to decrease with increasing volume fraction and decreasing 
particulate size.  It is difficult to control the interparticulate  spacing in the case of 40 vol. % 
reinforced Mg microcomposite as well as 2.5 vol. % reinforced Mg MMNCs which are ~ 3.86 
x 10-8 m and ~ 1.78 x 10-8 m (Table 2.3) for 0.5μm and 10 nm sized particulates, respectively.  
2.3.2    Hall-Petch strengthening  
Hall-Petch strengthening (ߪு௔௟௟ି௉௘௧௖௛) effect relates the effect of grain size on the strength of 
the material.  Grain size is inversely proportional to the strength of the material: as the grain 
size decreases, the strength of the material increases.  The following equation describes the 
Hall-Petch equation: 
 ߪு௔௟௟ି௉௘௧௖௛ ൌ ܭܦି଴.ହ (2.4) 
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 Where, K is the Hall-Petch coefficient of Mg (280 MPa μm1/2) [49] and D is the average grain 
size of Mg composites.  Further, the relationship between the reinforcement particulate size, 
volume fraction of particulates and grain size of composites is given by the Zener equation as 
shown in Eq. (2.5) [22]: 
                       ݀௠ ൌ ସ ఈ ௗ೛ଷ ௩೛     (2.5) 
Where, α is proportionality constant, and ݀௠ is the grain size of the metal matrix.  The grain 
size of Mg-MMCs is found to decrease with: (a) decrease in the particulate size and (b) higher 
volume fraction addition of NPs. 
2.3.3 Strengthening due to load bearing  
The strengthening contribution due to load bearing (ߪ௟௢௔ௗ	௧௥௔௡௦௙௘௥) of equiaxed particulate 
reinforcements on the tensile yield strength (TYS) of composites which is attained by 
transferring of applied load to the particulates within the metal matrix is given by Eq. (2.6) :      
                                                                  ߪ௅் ൌ 0.5 ݒ௣ ߪெ௚ (2.6) 
Where, ߪெ௚is the experimental 0.2% TYS of pure Mg.  The contribution of load transfer mainly 
depends on the volume fraction of reinforcement added to the metal matrix.  For example, 
considering an experimental 0.2% TYS of ~ 90 MPa, it is observed that, for 2.5 vol. % addition 
of reinforcements to the Mg matrix, only ~ 1 MPa increase due to	ߪ௅் is predicted.  Whereas, 
if 40 vol. % of particulate reinforcement is added to pure Mg, for 0.2% TYS of 90 MPa, ߪ௟் 
contribution of 18 MPa is predicted.  As discussed under section 2.3.1, the cost of NPs and 
effectiveness of synthesis methodology to uniformly disperse NPs within the metal matrix 
restricts the synthesis of high volume fraction nanoparticulate reinforced Mg-MMCs and 
thereby for modeling of Mg-MMCs containing NPs of low volume fraction, strengthening 
contribution due to load bearing is considered negligible.    
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2.3.4 Forest Strengthening 
The strengthening contribution due to forest strengthening (ߪ஼்ா) or mismatch between the 
coefficient of thermal expansion (CTE) values of reinforcement particulates and Mg matrix leads 
to generation of dislocations nearby the particulates and thereby contributes to increase in the 
dislocation density and strength of the composite.  The presence of high dislocation density near 
the interface between the matrix and reinforcement particulates generated due to CTE mismatch 
has been experimentally observed [50, 51].  Forest strengthening effect generated due to CTE 
mismatch can be described by the following Eqs. (2.7) and (2.8): 
 ߪ஼்ா ൌ ܣ .ܯ. ܩ. ܾ. ߩ௧௛଴.ହ (2.7)
 ߩ௧௛ ൌ 12√2 . ∆ߙ . ∆ܶ . ݂ܾ . ݀ . ሺ1 െ ݂ሻ  (2.8)
 Where, A is a constant characterizing the transparency of dislocation forest for basal-basal 
interaction in Mg (0.2) [46], ߩ௧௛ is the dislocation density,  ∆ߙ is the difference in the CTE values 
between the matrix (Pure Mg) and reinforcement, ∆ܶ is the temperature excursion above the 
ambient temperature which is chosen to be 250 K (for all the nanocomposites) assuming that the 
dislocation generation begins at 550 K corresponding to a stress-free homologous temperature of 
0.6 [46].  From Eqs. (2.7) and (2.8), theoretically, the forest strengthening contribution (ߪ஼்ா) 
value is found to increase with the addition of ultrafine reinforcements of higher volume fraction.  
Experimentally, Vogt et, al. [52] observed that when compared to microcomposites, forest 
strengthening was found to be negligible in the case of nanoparticulate reinforced Mg-MMCs 
synthesized by powder metallurgy (PM, solid-phase) process by plotting the true stress-strain 
curves of nanocomposite specimens under various heat treatment and quenching conditions. It is 
found to be low for particulate size less than 80 nm due to the limitations of synthesis 
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methodologies to uniformly disperse ultrafine NPs of size lesser than 80 nm [53].  Further, Chawla 
[54, 55] et al. reported that forest strengthening can be realized only with higher volume fraction 
addition (greater than 10 vol. %) of reinforcements.  Therefore, in the current study, for modeling 
of low volume fraction nanoparticulate reinforced Mg–MMCs, the contribution of forest 
strengthening is considered negligible. 
2.3.5 Taylor strengthening 
The strengthening contribution due to Taylor strengthening (ߪாெ) or mismatch between the elastic 
modulus values of the reinforcement particulates and the metal matrix leading to the formation of 
geometrically necessary dislocations (GND) due to straining or presence of external load is given 
by Eqs. (2.9) and (2.10) [56]: 
ߪாெ ൌ √3 . ߙ. ܩ. ܾ. ඥߩாெ (2.9)
ߩாெ ൌ ଺ ௏೛గௗయ  ξ (2.10)
Where, α is a constant (0.5), ߩாெ is density of dislocations due to modulus mismatch and ξ is 
uniform deformation or strain.  Theoretically, the strengthening contribution due to Taylor 
strengthening is found to increase with the presence of ultrafine particulates of larger volume 
fraction.  During extrusion, it is observed that dislocations produced by work hardening effects 
accumulate in the coarse grain regions (on the order of 1000 μm) and density of dislocation in fine 
grained regions is insignificant [57, 58].  Further, in the case of nanoparticulate reinforced Mg-
MMCs, when compared to the contributions of other strengthening mechanisms, Taylor 
strengthening is considered negligible [43].   
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2.4   Analytical modeling for prediction of TYS of Mg-MMCs 
For theoretically predicting the tensile yield strength (TYS) of Mg-MMCs, several analytical 
models have been utilized and they are: 
i. Summation of strengthening contributions [49],  
ii. Modified Clyne models [56]  and 
iii. Zhang and Chen model [59, 60].  
In the summation of strengthening contributions model, the individual contributions of the 
strengthening mechanisms are simply added along with the TYS of the Mg matrix to get the overall 
strength of the composite assuming that each strengthening mechanism behaves independently 
[56].  Summation of strengthening contributions (ߪ௦௨௠௠௔௧௜௢௡) model is given by Eq. (2.11).       
 ߪ௦௨௠௠௔௧௜௢௡ ൌ ߪெ௚ ൅ ߪை௥௢௪௔௡ ൅ ߪு௔௟௟ି௉௘௧௖௛ ൅ ߪ஼்ா ൅ ߪாெ ൅	ߪ௅் (2.11) 
Modified Clyne model was developed by Sanatay-Zadeh [56].  In this model, the root of sum of 
squares of contributions of different strengthening mechanisms is calculated and finally added to 
the 0.2 % TYS (ߪெ௚).  The modified Clyne (ߪ௠௢ௗ௜௙௜௘ௗ	஼௟௬௡௘) model is given by the following Eqs. 
(2.12) and (2.13): 
 ߪ௠௢ௗ௜௙௜௘ௗ ஼௟௬௡௘ ൌ ߪெ௚ ൅ ∆ߪ (2.12) 
 ∆ߪ ൌ ඥߪை௥௢௪௔௡ଶ ൅ ߪு௔௟௟ି௉௘௧௖௛ଶ ൅ ߪ஼்ாଶ ൅ ߪாெଶ ൅ ߪ௅்ଶ			 (2.13) 
Zhang and Chen derived an empirical model for predicting the TYS of Mg-MMCs by studying the 
effects of volume fraction and size of alumina NPs without considering the contribution of Hall-
petch strengthening.    Zhang and Chen ߪ௓஼ model is given by the following Eq. (2.14)  




The effects of Hall-petch strengthening have not been considered in Zhang and Chen model and 
thereby pose a major limitation.         
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3.1  Overview 
The scope of the current research work can be classified into the following:  
 To study the individual effects of low volume fraction titanum (Ti, metal) and ceramics of 
titanium such as titanium diboride (TiB2), titanium dioxide (TiO2), titanium carbide (TiC) 
and titanium nitride (TiN) nanoparticulates (NPs) on the microstructural and mechanical 
properties of monolithic pure magnesium (Mg) in the absence of microstructural factors 
related to the presence of precipitates and heat treatment.  The Mg-Ti based 
nanocomposites are primarily synthesized by disintegrated melt deposition technique 
(DMD, liquid-phase) followed by hot extrusion. 
 To study the effects of primary synthesis techniques on the microstructural and mechanical 
properties of low volume fraction TiO2 NPs reinforced pure magnesium composites.  Mg-
TiO2 nanocomposites are primarily synthesized by blend-press-sinter powder metallurgy 
technique (PM, solid-phase) coupled with microwave sintering followed by hot extrusion 
and their microstructural and mechanical properties are compared to that of previously 
synthesized DMD (liquid-phase) processed Mg-TiO2 nanocomposites. 
 To study the effects of TiO2 powder morphology in the form of nanoparticulates (0-D) and 
nanofibers (1-D) on the microstructural and mechanical properties of monolithic pure 
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magnesium synthesized by blend-press-sinter powder metallurgy technique followed by 
hot extrusion.  
3.2 Materials and methods
      
                       
Figure 3.1 Experimental overview on the synthesis and characterization of novel magnesium 
metal matrix nanocomposites containing Ti based reinforcements (metal and 
ceramics).  
 
The summary of tasks carried out to synthesize and characterize novel magnesium metal matrix 






























• X-ray diffraction 








• Investigation of 




flow chart as shown in Figure 3.1.  The details of the processing techniques and parameters 
utilized in the current study are explained in detail in the subsequent sections. 
3.2.1 Materials 












Magnesium (Mg) In the form 
of turnings 
> 99.9% Acros Organics, USA 
Titanium (Ti) 30-50 nm > 99.99% US research and 
nanomaterials Inc., USA 
Titanium diboride (TiB2) ~ 60 nm > 99% NaBond, China 
Titanium dioxide (TiO2) ~ 21 nm > 99.5% Sinopharm Chemical 
Reagent Co Ltd., China 
Titanium carbide (TiC) 30-50 nm > 98% Nanostructured and 
Amorphous Materials 
Inc, Los Alamos, USA 
Titanium Nitride ~ 20 nm > 99.2% US research and 




Magnesium (Mg)DMD In the form 
of turnings 
> 99.9% Acros Organics, USA 
Magnesium (Mg)PM 60-300 μm > 98.5% Merck, Germany 
Titanium dioxide (TiO2) ~ 21 nm > 99.5% Sinopharm Chemical 





Magnesium (Mg) 60-300 μm > 98.5% Merck, Germany 
Titanium dioxide (TiO2)NPs ~ 21 nm > 99.5% Sinopharm Chemical 
Reagent Co Ltd., China 
Titanium dioxide (TiO2)NFs ~ 1.5 μm 
(length) 
and ~ 80 
nm 
(diameter) 
 Electrospinning process 
(discussed under Section 
8.1) synthesized at King 
Saud University, Saudi 
Arabia 
*  A, B and C denote scope of the current research work as discussed under Section 3.1 and 
table indicates the respective materials utilized in the study, 
(Mg)DMD and (Mg)PM denote Mg material utilized in the DMD and PM synthesis 
techniques adopted in the current study, respectively,  
(TiO2)NPs and  (TiO2)NFs denote TiO2 in the form of nanoparticulates (NPs) and 
nanofibers (NFs), respectively.     
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Material Specifications of magnesium and reinforcements utilized in the current study is shown 
in Table 3.1  
3.2.2 Primary processing 
3.2.2.1 Disintegrated melt deposition technique (DMD) 
Pure magnesium and Mg-Ti based nanocomposites were primarily synthesized by disintegrated 
melt deposition (DMD) technique [1].  The schematic diagram of the DMD technique is shown in 
Section 2, Figure 2.1.  Within a graphite crucible, pure magnesium turnings and the required 
amount of Ti based nanoparticulates (NPs) such as titanium (metal) and ceramics of titanium such 
as titanium carbide (TiC), titanium diboride (TiB2), titanium nitride (TiN) and titanium dioxide 
(TiO2) were placed in a multilayered sandwich fashion and superheated to 750 °C under an argon 
gas atmosphere using a resistance heating furnace.  For uniform distribution of NPs within the 
metal matrix, the superheated slurry was stirred at 465 rpm for 6 min using a twin blade stirrer 
with a pitch of 45°.  ZIRTEX 25 coating was applied on the stirrer to avoid iron contamination of 
the molten metal.  After stirring, the molten metal was then down poured into the mold, under the 
influence of gravity, through a 10 mm hole in the crucible.  Before entering the mold, the molten 
metal was disintegrated by two jets of argon gas oriented normal to the melt stream.  The flow rate 
of argon was maintained at 25 lpm and an ingot of 40 mm diameter was obtained.  For synthesizing 
pure magnesium, no NPs were added and the above steps were followed.  The 40 mm diameter 
ingots obtained were then machined to a diameter of 36 mm for hot extrusion. 
3.2.2.2 Powder metallurgy technique (PM) 
Pure magnesium and Mg-TiO2 nanocomposites containing TiO2 in the form of NPs and NFs were 
primarily synthesized utilizing blend-press-sinter powder metallurgy technique.  For synthesizing 
nanocomposites, initially, pure magnesium powder was blended with an appropriate amount of 
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TiO2 NPs and NFs in a RETSCH PM-400 mechanical alloying machine at 200 rpm for 1 h. The 
homogenized powder mixtures of Mg and reinforcements were then cold compacted at a pressure 
of ~ 1000 MPa to form billets of 40 mm in height and 35 mm in diameter.  Monolithic magnesium 
was compacted using the same parameters without blending. Finally, the compacted billets were 
sintered using hybrid microwave sintering technique [2]. For sintering, the billets were heated to 
640 °C in a 900 W, 2.45 GHz SHARP microwave oven for 6 min.  
3.2.3 Secondary processing 
Before extrusion, the machined ingots and the sintered billets were soaked at 400 °C for 1 h in a 
constant temperature furnace.  Using a 150 T hydraulic press, hot extrusion was carried out at 350 
°C die temperature, with an extrusion ratio of 20.25:1 for obtaining rods of 8 mm in diameter.  The 
samples from the extruded rods were used for characterization, as detailed in the next section. 
3.2.4 Materials characterization 
3.2.4.1 Density measurements 
Density of extruded pure Mg and Mg-Ti based nanocomposites in polished condition was 
measured using Archimedes principle. Three samples from different ends of the extruded rods 
were accurately weighed in air and then immersed in distilled water. An A&D ER-182A electronic 
balance with an accuracy of 0.0001 g was used for measuring the weights. Using rule of mixture 
principle, the theoretical densities of the synthesized Mg materials were calculated and is given in 
Eq. (3.1). 
ρth = vr ρr + (1-vr)ρm  (3.1)
 Where,	ρ௧௛ is the theoretical density (g/cm3), vr is the volume fraction of the reinforcement, ρr is 
the density of reinforcement (g/cm3) and ρm is the density of matrix material (g/cm3). 
Experimental density is calculated using the following Eq. (3.2): 
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 ߩ௘௫௣ ൌ ௪ೌఘೢି௪ೢఘೌௐೌ ିௐೢ (3.2)
Where, ߩ௘௫௣	is the experimental density (g/cm3), ݓ௔is the weight of the specimen in air, ௪ܹ is  
the weight of the specimen in water,  ρ௔ is the density of air (0.001225 g/cm3) and ρ௪ is the 
density of water (1 g/cm3). 
  Porosity values of the synthesized Mg materials were calculated utilizing eq. (3.3): 
ܲ݋ݎ݋ݏ݅ݐݕ ൌ ஡೟೓ି ஡೐ೣ೛஡೟೓ି ஡ೌ ൈ 100 (3.3)
3.2.4.2 X-Ray diffraction (XRD) Studies 
The extruded pure magnesium and Mg-Ti based nanocomposite samples were exposed to Cu Kα 
radiation of wavelength λ = 1.54056 Å with a scan speed of 2 °/min by using an automated 
Shimadzu lab-X XRD-6000 diffractometer (Kyoto, Japan). The bragg angles and the values of the 
interplanar spacing, d, obtained were subsequently matched with the standard values of Mg, Ti 
based reinforcements and related phases.  Further, the basal plane orientation of Mg-Ti based 
nanocomposites was analyzed from the XRD peaks obtained.   
3.2.4.3 Microstructural characterization 
To investigate on the reinforcement distribution and grain size of pure magnesium and Mg-Ti 
based nanocomposites, the microstructural characterization studies were conducted on 
metallographically polished extruded samples and a Hitachi S-4300 field emission scanning 
electron microscope (FESEM) (Tokyo, Japan), an Olympus metallographic optical microscope 
(Tokyo, Japan) and Scion image analysis software (Sacramento, CA, USA) were utilized.  For 
every nanocomposite samples, five micrographs indicating ~ 80 to 100 grains were utilized for 
more accurate estimation of grain size. 
3.2.4.4 Coefficient of thermal expansion (CTE) 
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By using a thermo mechanical analysis instrument “INSEIS TMA PT 1000LT”, the coefficient of 
thermal expansion values of pure magnesium and Mg-Ti based nanocomposites were determined. 
Heating rate of 5 °C/min was maintained with an argon flow rate of 0.1 lpm. By using an alumina 
probe, the displacement of the test samples (each of 5mm length) was measured as a function of 
temperature (323 K to 623 K).  Three samples from different ends of the extruded rods were 
utilized for this study. 
3.2.4.5 Microhardness test 
Using a Shimadzu HMV automatic digital microhardness tester (Kyoto, Japan) with a Vickers 
indenter (square based pyramidal shaped diamond indenter with a phase angle of 136°), the 
microhardness tests were conducted on flat and metallographically polished specimens. An 
indenting load of 25 gf for a dwell time of 15 s was used. The testing was performed as per ASTM 
E384-11e1. 
3.2.4.6 Tensile test 
In accordance with ASTM E8/E8M-15a, the smooth bar tensile properties of pure magnesium and 
Mg-Ti based nanocomposites were determined at ambient temperature. The tensile tests were 
conducted on round tension test specimens of diameter 5 mm and gauge length 25 mm using a 
fully automated servo-hydraulic mechanical testing machine, MTS-810. The strain rate was set to 
1.693 × 10−4 s−1 and an Instron 2630-100 series extensometer (Singapore) was used to measure the 
fracture strain. For each composition, five samples were tested to ensure repeatable values. 
3.2.4.7 Compression test 
In accordance with ASTM E9-09, the smooth bar compressive properties of the extruded pure 
magnesium and Mg-Ti based samples were determined at ambient temperature, using MTS-810 
testing machine with a strain rate of 8.334 × 10−5 s−1. The test specimens of 8 mm diameter and 
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length to diameter ratio l/d ~ 1 were used. For each composition, five samples were tested to ensure 
repeatable values. 
3.2.4.8 Fracture behavior 
To provide an insight into the various possible fracture mechanisms operating during the tensile 
and compression loading of the samples, characterization of fractured surfaces of tensile and 
compression samples were successfully investigated using Hitachi S-4300 FESEM (Tokyo, apan). 
References 
[1] M. Gupta, S. Ling, Regarding the comparative effect of Si/SiC addition on the microstructure 
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4.1 Introduction 
Previously, Hassan et al. synthesized Mg (2.2 & 4) vol. % Ti composites, with Ti particulates of 
size 19±10µm, using disintegrated melt deposition technique (DMD) followed by hot extrusion 
[1].  The room temperature tensile test results revealed that with Ti addition, there was a significant 
increase in the 0.2%YS with a noticeable increase in ductility but the UTS was adversely affected.  
The CTE values indicated that the dimensional stability of Mg improved marginally with the 
increasing Ti addition.  From the uniform distribution of Ti particulates, strong Mg-Ti integrity 
and presence of minimal porosity, the author established that DMD followed by hot extrusion can 
be utilized for effective synthesis of Mg-Ti composites.   
Perez et al. [2] investigated the mechanical properties of Mg10vol.%Ti composite in the 
temperature range of 25°C to 300° C, with titanium particulates of size <150µm, synthesized by 
powder metallurgy followed by hot extrusion.  At room temperature, the composite exhibited a 
high strength of 160MPa with a considerable elongation of 8%.  It was found that the effectiveness 
of Ti reinforcement decreases as the  temperature rises [2].  Umeda et al. [3] synthesized Mg (1, 
3, & 5) wt.%Ti composites utilizing  pure Ti particulates with mean particle size of 29.8µm using 
powder metallurgy technique.  No significant improvement in the tensile strength and ductility 
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was observed.  After hot extrusion of the composites, Mg 3wt. % Ti showed a 30MPa increase in 
both 0.2%YS and UTS when compared to the synthesized pure magnesium and a decrease in 
ductility.  The compression strength of the composite found to increase marginally with increasing 
Ti reinforcements.   
Sankaranarayanan et al. synthesized Mg 5.6 wt. %Ti by both DMD technique and Powder 
metallurgy (PM), each followed by hot extrusion for secondary processing with titanium 
particulates of size < 140 µm [4, 5].  Room temperature tensile results of PM synthesized 
composite exhibited a slight increase in the tensile strength with decrease in ductility [5] whereas, 
the DMD synthesized composite [4] showed a significant increase in tensile strength of ~29% with 
an increase in ductility (~37%), when compared to the synthesized pure Mg.  The room 
temperature compression results of DMD synthesized Mg 5.6 wt. %Ti composite [4] showed 
~15%  and ~29% increase in 0.2%CYS and UCS respectively with ~ 46% decrease in the failure 
strain, when compared to the synthesized pure Mg.   Esen et al. [6] developed a Ti (50, 60, 70 & 
80) vol. % Mg composites exhibiting both bioinert and biodegradable characteristics synthesized 
by rotary swaging.  The mean particle size of the Ti particulates used in this study was 55µm.  
With increasing Ti addition, the room temperature tensile strength was found to increase with 
decrease in the elongation.  When compared to Ti 80vol. % Mg, Ti 50 vol. % Mg composite 
exhibited ~ 100% increase in 0.2% TYS, ~ 27% increase in UTS with ~ 29% reduction in ductility.   
Recently, Rashad et al. [7] studied the effect of graphene nanoplatelets (0.18wt.%GNPs) 
on the strength and ductility of Mg 10 wt. %Ti composites synthesized by semi powder metallurgy 
method followed by hot extrusion.  The size of the titanium particulates used in this study was 10-
25µm.  When compared to the synthesized pure magnesium, the room temperature tensile test 
results of Mg10wt.%Ti composite showed a significant increase in the ductility by ~145% with a 
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slight increase in 0.2% YS by ~6% and UTS by ~30%.  The addition of 0.18 wt % GNP to the 
composite further improved its room temperature tensile properties.  The results of the literature 
search revealed that no attempt was made to synthesize and characterize Mg-Ti materials 
containing titanium particulates in nano-length scale. Accordingly, in the present PhD research, 
(0.58, 0.97, 1.98) vol. % Ti reinforced magnesium nanocomposites were synthesized by 
disintegrated melt deposition technique followed by hot extrusion.  The physical, mechanical and 
microstructural properties of the nanocomposites were studied and compared to that of pure 
magnesium.   
4.2. Results and discussion 
Synthesis of pure Mg and Mg-Ti nanocomposites 
Synthesis of pure magnesium and Mg-Ti nanocomposites were successfully accomplished using 
disintegrated melt deposition technique followed by hot extrusion.  Observations made during 
DMD revealed: (a) minimal oxidation of liquid magnesium, (b) absence of macropores and 
blowholes, (c) no detectable reaction between graphite crucible and Mg and Mg-Ti melts. Similar 
observations were reported in the previous findings made on DMD processed magnesium based 
composites [1, 8-13] which proves the viability of the DMD process in synthesizing magnesium 
based materials.  There was also no evidence of any macrostructural defects after extrusion.  
Extrusion rods exhibited shiny surface and absence of circumferential cracks. 
4.2.1 Density measurements 
The results of the density measurements conducted on pure magnesium and Mg-Ti nanocomposite 
samples are shown in Table 4.1.  The results indicate that by using the fabrication methodology 
adopted in the present study, near dense Mg-Ti materials can be obtained.  
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Table 4.1: Density and CTE measurements of pure magnesium and synthesized Mg-Ti 
             nanocomposites. 
Sl. 
No 






6/K] Wt. % Vol. % Theoretical Experimental 
1 Pure Mg - - 1.740 1.7375 0.1437 26.8 
2 Mg 0.58 Ti 1.5 0.58 1.754 1.7538 0.1027 26.5 
3 Mg 0.97 Ti 2.5 0.97 1.765 1.7645 0.0900 25.5 
4 Mg 1.98 Ti 5 1.98 1.793 1.7927 0.0313 24.8 
 
4.2.2    X ray diffraction studies 
Figure 4.1 shows X ray diffractograms obtained from monolithic pure magnesium and the 
synthesized Mg-Ti nanocomposite samples.  Mostly, peaks corresponding to pure magnesium and 
titanium were observed revealing that no phase formation occurs between magnesium and 





X, Y, Z represent 2θ = 32°, 34° and 36° corresponding to (101ത0) prismatic, (0002) basal and 
(101ത1) pyramidal planes, respectively. 
 
Figure 4.1: X-ray diffractograms of pure magnesium and Mg-Ti nanocomposites. 
• - Mg  
◊ - Ti  








Table 4.2: X-Ray Diffractogram results of as-extruded Mg-Ti nanocomposites. 

















































* T represents XRD taken along transverse section of Mg-Ti samples 
  I is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg  
  Imax is the maximum XRD intensity from either prismatic, basal and pyramidal plane   
 
In the X-Ray diffractogram of as extruded pure magnesium, the peaks observed at 2θ = 32°, 34° 
and 36° correspond to (101ത0) prismatic, (0002) basal and (101ത1) pyramidal planes of HCP Mg-
crystal [14, 15].  Figure 4.1 shows the X- Ray diffractograms of pure Mg and the synthesized Mg-
Ti nanocomposites taken along the cross sections of the samples.  Along the cross section 
(perpendicular to the extrusion direction), the peak corresponding to the prismatic plane (101ത1) is 
the maximum for all the synthesized Mg materials with Iprismatic/Imax = 1 (Table 4.2). It is further 
observed that the peak corresponding to the basal plane (0002) decreased with the addition of 1.98 
vol. % Ti NPs exhibiting a minimum Ibasal/Imax value of ~ 0.178 .  The dominance of prismatic 
intensity (2θ =32°) in all the Mg samples indicate that many of the prismatic planes are 
perpendicular to the extrusion direction [15].  Further, it is observed that Ti NPs do not contribute 
to the textural changes of pure Mg and Mg-Ti nanocomposites suggesting the presence of strong 




When compared to second phase reinforcement with larger sizes, small sized second phase 
particles were found to inhibit grain growth significantly during recrystallization [16].  The 
microstructure and grain characteristics of pure magnesium and Mg-Ti nanocomposite samples 
are shown in Figure 4.2 and Table 4.3.  The analysis for grain size (Table 4.2) of pure Mg and 
Mg-Ti nanocomposites indicate significant decrease in grain size by ~71%, ~80% and ~92% with 
addition of 0.58, 0.97 & 1.98 vol.%Ti  NPs respectively.  The distribution of nano sized Ti 
reinforcements in the composite samples is observed through FESEM and is shown in Figure 4.3.  
Significant grain refinement on addition of nano-sized Ti to pure Mg may be due to the presence 
of uniformly distributed nano-Ti particulates (Figure 4.3) which act as nuclei and restrict grain 
growth during solidification.     
From the Mg-Ti binary phase diagram [17], Ti does not form any intermetallic phase with 
Mg.  From Figures 4.1 and 4.3, the synthesized Mg-Ti nanocomposites show no formation of 
intermetallic phases.  Further, strong interfacial bonding is achieved by good wettability of Ti by 
molten Mg [16].  Absence of agglomeration of nano Ti particulates within the composite may be 
due to: (a) sandwich fashioned arrangement of Mg and Ti powders within the crucible, (b) cautious 
selection of stirring parameters such as stirring time and speed, (c) good wetting of Ti by Mg 
matrix [16], (d) disintegration of molten metal by Ar jet streams into the metallic mold and (e) 
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Figure 4.2: Microscopic images showing grain characteristics of (a) pure magnesium, (b)  
        Mg0.58Ti (c) Mg0.97Ti  and (d) Mg1.98Ti. 
 
 







1 Pure Mg 16 ± 4 49 ± 2  
2 Mg0.58Ti 4.65 ± 1.5 55 ± 2  
3 Mg0.97Ti 2.5 ± 1.5 58 ± 1  







             
                      (a)            (d) 
      
  
               
                  (b)            (e) 
 
 
              
                         (c)       (f) 
Figure 4.3: Distribution of nano-Ti particulates in Mg-Ti composites: (a) Mg0.58Ti, (b) Mg0.97Ti  
    and (c) Mg1.98Ti & interfacial integrity of Mg-Ti in the case of (d) Mg0.58Ti, (e)    
    Mg0.97Ti and (f) Mg1.98Ti. 
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4.2.4 Coefficient of thermal expansion 
The results of CTE measurements in the temperature range of 50-400°C, as shown in Table 4.1, 
revealed that the CTE value of magnesium decreases with the addition nano Ti reinforcements.  
This may be due to: (a) lower CTE of titanium (9.1 x 10-6/K) [18], (b) absence of agglomeration 
of Ti nanoparticulates (NPs) within the composite (Figure 4.3) and (c) good interfacial integrity 
between the nano Ti particulates and magnesium matrix (Figure 4.3).  The results of CTE 
measurements indicate that the addition of titanium to magnesium matrix will improve its 
dimensional stability. 
4.2.5 Microhardness   
The microhardness measurements of pure magnesium and Mg-Ti nanocomposite samples are 
shown in Table 4.3.  When compared to pure magnesium, the addition of nano-sized Ti 
reinforcements has significantly improved the hardness value.  The increase in hardness may be 
due to: (a) the presence of high hardness nano-sized Ti reinforcements, (b) constraint to localized 
deformation during indentation due to the presence of hard Ti reinforcements and (c) reduced grain 
size (Table 4.3).  A maximum of up to ~43% increase in hardness is obtained by addition of 1.98 
vol. % Ti reinforcements to pure magnesium.  
4.2.6 Tensile properties 
The room temperature tensile properties of the synthesized Mg-Ti nanocomposites and other Mg-
Ti composites available in the literature, synthesized by different processing routes utilizing 
different sizes and sources of Mg and Ti particulates are shown in Table 4.4.  From the stress-
strain curve, as shown in Figure 4.4, the 0.2% tensile yield strength (0.2% TYS) and ultimate 
tensile strength (UTS) of magnesium are significantly increased with the addition of nano-sized 
titanium reinforcements.  From Table 4.4, it can be observed that the rate of improvement in the  
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Table 4.4: Results of room temperature tensile testing. 










1 Pure MgA   73.5±5 130.3±4.4 13.82±1.42 17±1.6 
2 Mg0.58TiA 30-50nm 134±7 190±7 6.3±0.6 11.9±1.5 
3 Mg0.97TiA 30-50nm 135±3 197±8 8.3±0.6 16±1 
4 Mg1.98TiA 30-50nm 162±5 231±12 7.7±0.1 17.4±0.7 
5 Pure Mg [1]A  100±4 258±16 7.7±1.2 20.2±2.6 
6 Mg2.2Ti [1]A 19±10µm 163±12 248±9 11.1±1.4 25.7±2.9 
7 Mg4Ti [1]A 19±10µm 154±10 239±5 9.5±0.3 20.7±1.4 
8 Mg10Ti [2]C <150µm  160 8  





10 Mg1wt.%Ti [3]B 29.8µm 180 (+7, -9) 221 (+6, -4)
16.1 (+1.5, -
1.2)  
11 Mg3wt.%Ti [3]B 29.8µm 184 (+9, -4) 224 (+5, -8)
14.9 (+1.1, -
1.0)  
12 Mg5wt.%Ti [3]B 29.8µm 179 (+6, -6) 218 (+6, -3)
15.5 (+1.4, -
2.0)  
13 Pure Mg [3]C   155 221 9.4  
14 Mg3wt.%Ti [3]C 29.8µm 192 251 8.9  
15 Pure Mg [4]A  125±9 169±11 6.2±0.7  
16 Mg2.2Ti [4]A <140µm 158±6 226±6 8.0±1.5  
17 Pure Mg [5]C  136±8 170±7 6.1±1.0  
18 Mg2.2Ti [5]C <140µm 151±4 190±4 4.2±0.6  
19 Pure Mg [7]C  131±5 163±4 3.2±2.5  
20 Mg10wt.%Ti [7]C 10-25µm 141±4 212±5.1 11±3  
21 Mg10wt.%Ti  0.18GNPs [7]C 10-25µm 160±5.3 230±3 14±3.4  
22 AZ63 [19]D  75 180 4  
23 AZ81[19]D  80 140 3  
24 AZ91[19]D  95 135 2  
25 AZ31[19]E  130 230 4  
26 AZ61[19]E  180 260 7  
27 ZK61[19]E   210 285 6   
 
* Processing routes of the material listed in Table 3 are denoted as A- DMD followed by hot 
extrusion, B- Powder metallurgy route, C- Powder metallurgy followed by hot extrusion, D – As-





room temperature tensile properties of Mg by adding nano-sized Ti particulates are more 
significant in the synthesized nanocomposites than the other work on Mg-Ti composites available 
in the literature.  In the present study, the pure Mg is synthesized under same processing conditions 
like Mg-Ti nanocomposites.  With the addition of 1.98 vol. %Ti, the 0.2% TYS increased by 
~112% and UTS increased by ~81%, when compared to pure Mg.  The ductility of magnesium, 
however, was adversely affected by increasing addition of Ti nano-reinforcements, but is 
comparable to the other work indicated in the Table 4.4.  The 0.2%YS and UTS results of 0.58 Ti 
and 0.97 Ti reinforced Mg composites are almost identical but the ductility of 0.97 Ti addition 
increased from 6.4% to 8.3%.  Further, the 0.2% TYS and UTS of the Mg1.98Ti (5wt.%) and Mg 
10 wt .% Ti 0.18 GNPs are identical but the ductility of the latter has surpassed that of the 
nanocomposite synthesized in this study.  It is observed that the 0.2% TYS and UTS of the Mg 
1.98 vol. % Ti nanocomposite are similar to the Mg 2.2 vol. % Ti [1, 3] with lower ductility. 
The improvement in the strength of Mg-Ti nanocomposite when compared to pure Mg may 
be due to the following reasons:  (a) particle dispersoids in the magnesium matrix [20], (b) 
significant grain refinement, (c) absence of magnesium based intermetallic phases [17], (d) good 
wettability between Mg and Ti [21], (e) presence of well bonded and strong nano Ti reinforcements 
with high elastic modulus (ETi=1102.2GPa) and yield strength (σTi=586MPa) compared to 
magnesium (EMg=44.7GPa and σMg =100MPa) [18], and (f) Orowan strengthening effect due to 
the presence of nano-Ti particulates [22].  However, the ductility of magnesium decreased with 
the addition of nano Ti reinforcements.  On tensile loading, a strong concentration of internal 
stresses might develop in the regions such as the reinforcements, matrix-reinforcement interfaces 
and the metal matrix.  Beyond a certain value of stress concentration, matrix cracking, as shown 
in Figure 4.5 (b, c & d), indicated with black arrows, may occur early in the composite and thereby 
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affects the ductility of the composite.  It is observed that the presence of cracks in the Mg matrix 




Figure 4.4: Stress-Strain curves of pure Mg and the synthesized Mg-Ti nanocomposites during  
        tensile loading. 
 
Table 4.5: Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted 






















134.00 18.41 130.00 221.41 204.30 
0.97 135.00 23.12 177.10 273.22 251.60 
1.98 162.00 32.54 250.40 355.94 325.51 
 
  
The individual contributions of major strengthening mechanisms such as Orowan and Hall-Petch 
strengthening (Eqs. (2.2) to (2.4)) and theoretical tensile yield strength (TYS) of Mg-Ti 
nanocomposites predicted using the summation of strengthening contributions and modified Clyne 






















experimental and predicted TYS of Mg-Ti nanocomposites.  It is observed that σModified-Clyne or 
modified Clyne model is in closer agreement with the experimental 0.2% TYS of Mg-Ti 
nanocomposites. 
 
Figure 4.5: Experimental and predicted TYS values of Mg-Ti nanocomposites. 
Figure 4.6 shows the tensile fracture surfaces of pure magnesium and Mg-Ti nanocomposites.  In 
case of pure magnesium, the fracture occurs primarily by cleavage mode.  In Mg-Ti 
nanocomposites, a mixed mode of fracture with both cleavage and signs of plastic deformation 
were observed along with the cracks in the magnesium metal matrix.  The cracks (indicated with 





           
      (a)        (b) 
                                                       
(c)        (d) 
 
Figure 4.6: Fractographs after tensile loading of (a) pure magnesium, (b) Mg0.58Ti, (c) Mg0.97Ti  
       and (d) Mg1.98Ti. 
 
4.2.8 Compressive properties 
The room temperature compression test results and the representative stress-strain curves of pure 
magnesium and the Mg-Ti nanocomposites are shown in Table 4.6, Figure 4.7, respectively.  It is 
observed that the addition of nano-sized Ti to Mg has increased both the yield and ultimate 
compressive strengths with a marginal decrease in the compressive failure strain.  When compared 
to pure Mg, the addition of 0.97 Ti to Mg led to an increase in the 0.2%CYS by ~ 128% and with 
0.58Ti, the UCS has increased by ~29% with marginal decrease in the failure strain.  In Table 4.6, 
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the room temperature compressive properties of pure Mg and Mg-Ti nanocomposites are 
compared to other Mg-Ti composite results already available in the literature.   
Table 4.6: Results of room temperature compression testing. 











1 Pure MgA  57±3 332±10   18 34±2 
2 Mg0.58TiA 30-50nm 129±2 431±8 17.4±0.3 40.4±1.1 
3 Mg0.97TiA 30-50nm 130±8 413±15 18.5±0.6 42.3±2.6 
4 Mg1.98TiA 30-50nm 120±5 415±4 17.7±0.8 42.3±0.5 
5 Pure Mg [3]B  128 403 21       - 
6 Mg3Wt.%Ti [3]B 29.8µm 130 410 17.5       - 
7 Mg5wt%Ti [3]B 29.8µm 135 418 16.5       - 
8 Pure Mg A  74±3 273±11 22.7±4.9       - 
9 Mg2.2Ti [4]A <140µm 85±3 360±5 13.6±1.2       - 
Processing routes of the material listed in Table 4.5 are denoted as A- DMD followed by hot 
extrusion, B- Powder metallurgy route followed by hot extrusion 
 
Results revealed that, Mg 0.97 Ti nanocomposite showed the best compressive properties.  
Irrespective of the processing techniques and size of the Ti particulates, the room temperature 
compressive properties of the Mg-Ti composites, as shown in Table 4.6, are almost similar.  The 
increase in the 0.2%CYS and UCS of Mg-Ti nanocomposites may be due to: (a) significant grain 
refinement (Table 4.3) [12], (b) presence of uniformly distributed harder Ti nano particulates [23], 
and (c) Orowan strengthening effect due to the presence of nano-Ti particulates [8, 11, 12, 22-25].  
From Table 4.6, when compared to monolithic pure magnesium, the energy absorbed (EA) until 
failure under compression loading of the synthesized Mg-Ti nanocomposites was found to increase 
with Ti addition.  This is primarily due to the increase in compressive strengths of the 
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nanocomposites.  Mg (0.97 and 1.98) vol. % Ti nanocomposites exhibited the maximum EA values 
of 42.3 MJ/m3 which is ~ 26% greater than that of pure Mg. 
  
 
Figure 4.7: Stress-strain curve of Mg-Ti nanocomposites under compressive loading. 
 
Figure 4.8 shows the fracture surfaces of the fractured samples after compressive loading. In all 
the samples, fracture occurred at ~45° with respect to the compression test axis.  The fractographic 
images indicate more shear bands in pure magnesium when compared to Mg-Ti nanocomposites 



















           
 (a)                     (b) 
 
                      
(c)      (d) 
 
Figure 4.8: Fractographs after compressive loading of (a) pure magnesium, (b) Mg0.58Ti, 
   (c) Mg0.97Ti and (d) Mg1.98Ti. 
4.3 Conclusions 
The following are the primary conclusions of the first part of this study: 
a) Disintegrated melt deposition together with hot extrusion can be used to synthesize near 
dense nano sized titanium reinforced magnesium nanocomposites. 
b) With the addition of nano-sized Ti particulates to Mg, the CTE value of Mg decreases and 
thereby marginally improves its dimensional stability.  Further the nanocomposites showed 
significant grain refinement and substantial improvement in hardness with Ti addition.     
c) The room temperature tensile results reveal that the 0.2%YS and UTS of Mg increases with 
the addition of nano Ti reinforcements.  The presence of nano-sized 1.98 vol. %Ti in pure 
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Mg has improved the 0.2TYS by ~ 112% and UTS by ~ 80%, with a decrease of ~ 49% in 
the ductility that was still comparable to the other work available in the literature.   
d) The fractographs after tensile loading of the nanocomposites indicated the increasing 
presence of cracks in the Mg metal matrix with increasing nano-Ti addition.  Further a 
mixed mode fracture with both cleavage and signs of plastic deformation was observed.  
e) On compressive loading, when compared pure Mg, the addition of 0.97 Ti to Mg led to an 
increase in the 0.2% CYS by ~ 128% and with 0.58Ti, the UCS has increased by ~28% 
with no adverse effect on the failure strain. 
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Low volume fraction titanium diboride 
nanoparticulate reinforced magnesium 
metal matrix composites 
5.1 Introduction  
Titanium diboride (TiB2) is a very hard (960 Hv) material with high melting temperature (2790 
°C), high modulus (530 GPa) and high corrosion resistance and has numerous applications such 
as in impact resistant armor, cutting tools, wear resistant coatings and crucibles [1, 2].   The 
combination of its excellent properties has made TiB2 increasingly important for a wide range of 
applications in erosive, abrasive, corrosive or high-temperature environments [3].  It has been 
highlighted that TiB2 ceramic is more appropriate to be used as reinforcement to pure Mg due to 
their similarities in the crystal structure [4].   
Previously, Choi et al. [5] synthesized AZ91D (1 & 2.7) wt.% TiB2 nanocomposite 
(~25nm) using solidification nanoprocessing.  With the addition of 2.7 wt. % TiB2, the 0.2% tensile 
yield strength, ultimate tensile strength and ductility of AZ91D was found to increase by 21%, 
16% and 48% respectively.  Thus, there was a significant increase in the ductility of Mg alloy with 
the addition of 2.7 wt. % TiB2 (~1 vol. %).  Wang et al. [6] synthesized AZ91 (2.5, 5 & 7) wt. % 
TiB2 (~7 μm) microcomposites by using a two-step processing method and compared the hardness 
and wear resistance of the synthesized microcomposites with the as-cast AZ91.  The hardness and 
wear resistance of the synthesized microcomposites was found to increase with the addition of 
TiB2 particulates.  Further, Wang et al. [7] synthesized Mg (10, 20, 30) vol.% TiB2 
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microcomposites (~10 μm) using powder metallurgy technique.  The hardness (HB) value of pure 
Mg was found to increase by 41%, 106% and 181% with the addition of 10, 20 and 30 vol. % TiB2 
particulates, respectively.   Even though magnesium is highly reactive, from the XRD results, TiB2 
was found to be relatively highly stable with magnesium [7].   
The results of the literature search, however, revealed that no attempt was made to study 
the isolated effects of nano-length scale TiB2 reinforcement in altering the tensile and compressive 
response of pure magnesium in the absence of microstructural factors related to the presence of 
precipitates and heat treatment.  Accordingly, (0.58, 0.97, 1.98) vol. % TiB2 reinforced magnesium 
nanocomposites were synthesized by disintegrated melt deposition technique followed by hot 
extrusion.  The physical, mechanical and microstructural properties of the nanocomposites were 
studied and compared to that of pure magnesium.  The level of anisotropy in the synthesized Mg-
TiB2 nanocomposites was observed through determination of TCA values.  
5.2 Results and discussion 
5.2.1 Synthesis of Pure Mg and Mg-TiB2 nanocomposites 
Synthesis of pure magnesium and Mg (0.58, 0.97, 1.98) vol. % TiB2 nanocomposites were 
successfully accomplished using disintegrated melt deposition technique followed by hot 
extrusion.  Observations made during DMD revealed: (a) minimal oxidation of liquid magnesium, 
(b) absence of macropores and blowholes, (c) no detectable reaction between graphite crucible and 
Mg and Mg-TiB2 melts. Similar observations were reported in the previous findings made on DMD 
processed magnesium based composites [8-15] which proves the viability of the DMD process in 
synthesizing magnesium based materials.  There was also no evidence of any macrostructural 




5.2.2 Density measurements 
The results of the density measurements conducted on pure magnesium and Mg-TiB2 
nanocomposite samples are shown in Table 5.1.  Marginal increase in the experimental density 
values was observed with the addition of TiB2 NPs, which is due to the relatively higher density 
of TiB2 (4.5 g/cm3).  Among the synthesized Mg-TiB2 nanocomposites, Mg 1.98 vol. % TiB2 
exhibited the maximum experimental density value of ~ 1.7910 g/cm3 which is only ~ 3% greater 
than that of pure Mg.  A maximum porosity value of 0.202% was observed with Mg 0.97vol. % 
TiB2 samples, as shown in Table 5.1. The results indicate that by using the fabrication 
methodology adopted in the present study, near dense Mg materials can be obtained. 
Table 5.1: Density and CTE measurements of pure magnesium and synthesized Mg-TiB2 
             nanocomposites. 
Sl. 
No 






6/K] Wt. % Vol. % Theoretical Experimental 
1 Pure Mg Nil Nil 1.740 1.7362 0.2011 27 
2 Mg 0.58 
TiB2 
1.5 0.58 1.756 1.7530 0.1685 26.4 
3 Mg 0.97 
TiB2 
2.5 0.97 1.767 1.7630 0.2022 25.9 
4 Mg 1.98 
TiB2 
5 1.98 1.795 1.7910 0.1924 24.8 
 
5.2.3 X-ray diffraction studies 
The effects of nano TiB2 on the crystallographic orientation of pure Mg are analyzed using the X-
Ray analysis.  It is known that the reinforcing phases may contribute to the changes in the basal 
texture of the Mg crystal  [16].  Figure 5.1 shows the X-ray diffractograms of TiB2 nanopowder 
and the synthesized pure magnesium and Mg-TiB2 nanocomposite samples obtained from both the 
cross sections and longitudinal sections of the samples.  The high intensity Mg peaks were 
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prominently seen and since TiB2 is present in a relatively low volume fraction (< 2 vol. %), the 
peaks corresponding to TiB2 were not visible [17].  However, the presence of TiB2 may be 
confirmed from the microstructural investigation, in Figure 5.2.  Previously, it was observed from 
the XRD results that there was no reaction between Mg and TiB2 [4].  The ratio of XRD intensity 
of Mg (such as pyramidal, basal and prismatic) to the maximum XRD intensity (I/Imax) observed 
for the synthesized pure Mg and Mg-TiB2 nanocomposites is given in Table 5.2. 
 In the X-Ray diffractogram of as extruded pure magnesium, the peaks observed at 2θ = 
32°, 34° and 36° correspond to (101ത0) prismatic, (0002) basal and (101ത1) pyramidal planes of 
HCP Mg-crystal [18, 19].  Figure 5.1(a) shows the X- Ray diffractograms of pure Mg and the 
synthesized Mg-TiB2 nanocomposites taken along the cross sections of the samples.  Along the 
cross section (perpendicular to the extrusion direction), the peak corresponding to the prismatic 
plane (101ത1) is the maximum for all the synthesized Mg materials with Iprismatic/Imax = 1 (Table 5.2). 
It is further observed that the peak corresponding to the basal plane (0002) increased initially with 
up to 0.97 vol. % TiB2 addition (maximum for Mg 0.97 vol. % TiB2) and decreased for Mg 1.98 
vol. % TiB2 nanocomposite (Ibasal/Imax = 0.171).  Mg 0.97 vol. % TiB2 exhibited the maximum 
Ibasal/Imax value of 0.498.  The dominance of prismatic intensity (2θ =32°) in all the Mg samples 
indicate that any of the prismatic plane is perpendicular to the extrusion direction [19].   
Along the longitudinal direction (parallel to the extrusion direction), as shown in Figure 
5.1(b), the X-Ray diffractogram of pure Mg shows that the intensity of basal plane (0002) is the 
maximum indicating a strong basal texture with Ibasal/Imax = 1 as shown in Table 5.2.  This shows 
that most of the basal planes are parallel to the extrusion direction, which is commonly observed 
in wrought magnesium materials [5, 18, 19].  With the addition of nano TiB2 particulates, changes 
in the intensity of peaks are clearly observed.  In the case of Mg 0.97vol. % TiB2, the intensity 
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corresponding to the pyramidal plane (2θ = 36°) is found to be the maximum indicating the basal 
planes are no longer parallel to the extrusion direction.  Basal plane intensity of pure Mg was found 
to decrease with up to 0.97 vol. % TiB2 addition and Mg 0.97 vol. % TiB2 exhibited a minimum 
Ibasal/Imax value of 0.728.  Similar texture randomization is reported by [19-21].  Room temperature 
tensile test results showed that Mg 0.97vol.% TiB2 exhibited the maximum fracture strain of ~16% 
which may be due to the weakening of strong basal texture of pure Mg.  
Table 5.2: X-Ray Diffractogram results of as-extruded Mg-TiB2 nanocomposites. 



























































































* T and L represents XRD taken along transverse and longitudinal sections of Mg-TiB2 samples 
  I is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg  
  Imax is the maximum XRD intensity from either prismatic, basal and pyramidal plane   
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Figure 5.1: X- Ray diffractograms of TiB2 nanopowder and synthesized pure Mg & Mg-TiB2  
      nanocomposites taken (a) along cross section of the samples and (b) along the     
      longitudinal direction of the sample. 
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Figure 5.2: Distribution of nano-TiB2 particulates in Mg-TiB2 composites: (a) Mg0.58TiB2,  
       (b) Mg0.97TiB2 and (c) Mg1.98TiB2 & interfacial integrity of Mg-TiB2 in the case of  





          
                                5.3(a)                                        5.3(b) 
 
 
          
5.3(c)                                                         5.3(d) 
 
 
Figure 5.3 : Microscopic images showing grain characteristics of (a) pure magnesium,  
         (b) Mg0.58TiB2  (c) Mg0.97TiB2  and (d) Mg1.98TiB2. 
 
5.2.4 Microstructure 
When compared to second phase reinforcement with larger sizes, small sized second phase 
particles were found to inhibit grain growth significantly during recrystallization [22].  The 
microstructure and grain characteristics of pure magnesium and Mg-TiB2 nanocomposite samples 
are shown in Figure 5.3 and Table 5.3.  The analysis for grain size (Table 5.3) of pure Mg and 
Mg-TiB2 nanocomposites indicate decrease in grain size by ~ 18%, ~ 37% and ~ 64% with addition 
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of 0.58, 0.97 & 1.98 vol.% TiB2 NPs respectively.  The distribution of TiB2 NPs in the 
nanocomposite samples is observed through FESEM and is shown in Figure 5.2.  The grain size 
of pure Mg was found to decrease with the addition of TiB2 NPs which is due to: (a) the ability of 
NPs to nucleate Mg grains during recrystallization and (b) restriction in the grain growth of pure 
Mg due to grain boundary pinning by NPs.  The fundamental principle behind the ability of 
ultrafine particulates within the metal matrix to nucleate recrystallized grains and inhibit grain 
growth has been established already [23, 24] and similar results were reported in [10] [25] for Mg-
Al2O3 and Mg-BN nanocomposite systems.  Absence or minimal agglomeration of TiB2 NPs 
within the composite may be due to: (a) sandwich fashioned arrangement of Mg and TiB2 powders 
within the crucible, (b) cautious selection of stirring parameters such as stirring time and speed, 
(c) disintegration of molten metal by Ar jet streams into the metallic mold, (d) dynamic deposition 
of the composite slurry in the steel mold and (e) efficient extrusion process to breakdown the 
agglomerates (if present). 












1 Pure Mg 45±2.4 1.27±0.4 52 ± 1.5  
2 Mg0.58TiB2 37±2.1 (↓18%) 1.21±0.4
65 ± 2 
(↑25%) 
 




4 Mg1.98TiB2 16.5±2 (↓64%) 1.26±0.4




5.2.5 Coefficient of thermal expansion 
The results of CTE measurements in the temperature range of 50-400°C, as shown in Table 5.1, 
revealed that the CTE value of magnesium decreases with the addition of TiB2 NPs.  This may be 
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due to: (a) lower CTE of titanium diboride (7.9 x 10-6 K-1), (b) absence or minimal agglomeration 
of TiB2 NPs within the nanocomposites (Figure 5.2) and (c) good interfacial integrity between the 
TiB2 NPs and magnesium matrix (Figure 5.2).  The results of CTE measurements indicate that the 
addition of titanium diboride to magnesium matrix will improve its dimensional stability. 
5.2.6 Microhardness   
The microhardness measurements of pure magnesium and Mg-TiB2 nanocomposite samples are 
shown in Table 5.3.  When compared to pure magnesium, the addition of TiB2 NPs has 
significantly improved the hardness value. Increase in the hardness value of pure Mg is due to (a) 
the presence of high hardness (960 Hv) TiB2 NPs [26], (b) constraint to localized deformation 
during indentation due to the presence of uniformly distributed and harder TiB2 NPs and (c) 
reduced grain size (Table 5.3).  A maximum of up to ~ 46% increase in the hardness value of pure 
Mg was observed with the addition of 1.98 vol. % TiB2 NPs.  
5.2.7 Tensile properties 
From the stress-strain curve (Figure 5.4), the 0.2% tensile yield strength (0.2% TYS) and tensile 
fracture strain values of magnesium are increased significantly with the addition of TiB2 NPs with 
a reasonable improvement in the ultimate tensile strength (UTS).  From Table 5.4, with the addition 
of 1.98 vol. % TiB2 NPs, the 0.2% TYS, UTS and tensile fracture strain values of pure Mg 
increased by ~52%, ~18% and ~70% respectively.  The 0.2% TYS and UTS results of pure Mg 
and Mg 0.58 vol. % TiB2 nanocomposite are almost identical but the fracture strain values of the 
nanocomposites increased to ~ 13% which is ~ 59% greater than that of pure Mg (~ 8.2%).  The 
ability of a material to absorb energy up to fracture under tensile loading corresponding to the area 
under the stress-strain curve of pure magnesium was found to increase with the addition of TiB2 
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NPs.  When compared to pure Mg, a maximum of ~127% increase in the energy absorbed was 
observed with Mg 0.97 vol. % TiB2 nanocomposite indicating its damage tolerant capability.      
Table 5.4: Results of room temperature tensile testing of Mg-TiB2 nanocomposites. 
 









Pure Mg 92±5 157±5 8.2±0.2 11±1 























           
 
 
Figure 5.4: Stress-Strain curves of pure Mg and the synthesized Mg-TiB2 nanocomposites  








Table 5.5:  Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted  
























93.00 12.27 46.03 150.30 139.64 
0.97 110.00 15.41 52.91 160.32 147.11 




Figure 5.5: Experimental and predicted TYS values of Mg-TiB2 nanocomposites. 
The improvement in the strength of Mg-TiB2 nanocomposites when compared to pure Mg may be 
due to the following reasons: (a) reduction in grain size with nano TiB2 addition resulting in Hall-
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The individual contributions of major strengthening mechanisms such as Orowan and Hall-Petch 
strengthening (Eqs. (2.2) to (2.4)) and theoretical tensile yield strength (TYS) of Mg-TiB2 
nanocomposites predicted using the summation of strengthening contributions and modified Clyne 
models calculated utilizing Eqs. (2.11) to (2.13) is shown in Table 5.5.  The average interparticulate 
spacing between the TiB2 NPs for the activation of Orowan strengthening in Mg (0.58, 0.97 and 
1.98) vol. % TiB2 nanocomposites is ~ 205 nm, ~ 163 nm and ~ 116 nm, respectively (Table 2.3).  
Figure 5.5 shows the experimental and predicted TYS of Mg-TiB2 nanocomposites.  It is observed 
that σModified-Clyne or modified Clyne model is in closer agreement with the experimental 0.2% TYS 
of Mg-TiB2 nanocomposites. 
  Generally the extruded Mg materials are found to exhibit poor fracture strain due to the 
strong basal texture of Mg with the basal planes (0002) aligned parallel to the extrusion direction 
[18].  With the addition of TiB2 NPs, significant improvement in the fracture strain values of pure 
Mg is observed and it may be due to the uniform distribution of TiB2 NPs (Figure 5.2) resulting 
in the activation of non-basal and cross slip that increases the fracture strain in the developed Mg 
nanocomposites [8, 19, 28-31].  Changes in crystallographic texture observed in XRD studies 
(Figure 5.1(b)) highlight that the basal planes are not parallel to the extrusion direction.  The 
fracture strain of Mg 0.97 vol. % TiB2 is the highest (~ 16 %) and the X- ray diffractogram (Figure 
5.1(b)) taken parallel to the extrusion direction (along the longitudinal section of the Mg 0.97 vol. 
% TiB2 nanocomposite) indicate a minimum Ibasal/Imax value of 0.728.   
Figure 5.6 shows the tensile fracture surfaces of pure magnesium and Mg-TiB2 
nanocomposites.  For all the pure Mg and Mg-TiB2 materials, the fractography images indicate 
cleavage mode of fracture highlighting that the fracture behavior of the synthesized nano 
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composites is greatly controlled by the Mg matrix material.  However, the presence of TiB2 
particles progressively refined the fracture features with the increase in their amount.    
        
 
5.6(a)           5.6(b) 
 
         
 
   5.6(c)           5.6(d) 
 
Figure 5.6:  Fractographs after tensile loading of (a) pure magnesium, (b) Mg0.58TiB2,  
     (c) Mg0.97TiB2 and   (d) Mg1.98TiB2. 
                              
5.2.8 Compressive properties 
The room temperature compression test results of pure magnesium and the Mg-TiB2 
nanocomposites are shown in Table 5.6.  From the stress-strain curve (Figure 5.7), when compared 
to pure Mg, the addition of 1.98 vol. % TiB2 has led to an increase in the 0.2% compressive yield 
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strength (0.2% CYS) and ultimate compressive strength (UCS) of pure Mg by ~ 42% and ~ 10% , 
respectively.  With 0.97 vol. % TiB2 addition, the fracture strain of pure Mg increases from ~ 18% 




Figure 5.7: Stress-Strain curves of pure Mg and the synthesized Mg-TiB2 nanocomposites  
          during compression loading. 
 
Table 5.6: Results of room temperature compression testing of Mg-TiB2 nanocomposites 
 








Pure Mg 57±3 332±10 18 34±2 























      
 
            5.8(a)           5.8(b) 
 
           
            
5.8(c)           5.8(d) 
 
Figure 5.8: Fractographs after compressive loading of (a) pure magnesium, (b) Mg0.58TiB2, 
   (c) Mg0.97TiB2 and (d) Mg1.98TiB2. 
 
The increase in the 0.2% CYS and UCS of Mg-TiB2 nanocomposites may be due to: (a) reduction 
in grain size (Table 5.3) [13], (b) presence of uniformly distributed harder TiB2 NPs [32], and (c) 
Orowan strengthening effect due to the presence of TiB2 NPs [11, 13, 15, 27, 32-34].  From Table 
5.6, when compared to monolithic pure magnesium, the energy absorbed by the material up to 
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fracture strain of the synthesized Mg-TiB2 nanocomposites was found to increase with TiB2 
addition (maximum of ~24% for Mg 0.97vol.% TiB2).  Figure 5.8 shows the fracture surfaces of 
the fractured samples after compressive loading.  In all the samples, fracture occurred at ~ 45° with 
respect to the compression test axis.  The fractographic images of pure Mg and Mg-TiB2 
nanocomposite indicates the presence of shear bands. 
Table 5.7: Room temperature Tensile – Compression Asymmetry (TCA) of the synthesized pure  
     Mg and Mg-TiB2 materials. 
 
Material σ y,t [MPa] 
σ y,c 
[MPa] TCA 
Pure Mg 92±5 57±3 1.61 
Mg0.58TiB2 93±7 78±3 1.24 
Mg0.97TiB2 110±3 75±7 1.38 
Mg1.98TiB2 140±9 81±7 1.69 
 
   The room temperature Tension-Compression asymmetry (TCA) values for the 
synthesized pure Mg and Mg-TiB2 materials are shown in Table 5.7.  It is observed that the TCA 
values of pure Mg decreases with the addition of (0.58 & 0.97) vol. % TiB2.  The X-Ray diffraction 
studies of pure Mg indicates a strong basal texture which is a hard orientation for the basal slip 
(primary deformation mode under tensile loading) to occur [18]. In the XRD pattern of the 
synthesized nanocomposites, TiB2 addition is found to weaken the basal texture of pure Mg 
(changes the grain orientation of Mg crystal) (Figure 5.1(b)) which would allow the non-basal 
cross slip activation to occur and similar observations on Mg nanocomposites were reported by [8, 
19, 30, 31].  For this reason, under tensile loading, the yield strength improvement due to nano 
TiB2 addition is found to be minimal for Mg (0.58 & 0.97) TiB2 nanocomposites (~3% and ~17% 
respectively).  On tensile loading, high yield strength Mg materials may increase both the difficulty 
to activate basal slip and inability of twinning [20, 21, 35].  Hence, in the case of Mg 1.98 vol.% 
TiB2 nanocomposite, the presence of nano TiB2 particulates restricts the twinning and delays the 
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yielding which contributes to the high strength properties with relatively low fracture strain values 
of the composites [19].    
5.3 Conclusions 
The primary conclusions of this study are as follows: 
a) Disintegrated melt deposition together with hot extrusion can be used to synthesize near 
dense nano sized titanium diboride reinforced magnesium nanocomposites. 
b) With the addition of nano-sized TiB2 particulates to Mg, the CTE value of Mg decreases 
and thereby marginally improves its dimensional stability.  Further the nanocomposites 
showed a substantial improvement in hardness and reduction in grain size with TiB2 
addition.     
c) Among the major strengthening contributions, Hall-Petch strengthening was found to play 
a dominant role in improving the TYS of Mg-TiB2 nanocomposites which is due to the 
ability of TiB2 NPs to significantly refine the grain size of pure Mg.  With the addition of 
1.98 vol. % TiB2 NPs, significant grain refinement of pure Mg was observed with grain 
size of ~ 16.5 μm which is ~ 64% lower than that of pure Mg (45 μm).    
d) The room temperature tensile results of Mg-TiB2 nanocomposites reveal a significant 
increase in the 0. 2% TYS and fracture strain and a reasonable increase in UTS when 
compared to pure Mg.  The presence of nano-sized 1.98 vol. % TiB2 in pure Mg has 
improved the 0.2 TYS by ~52%, UTS by ~18% and fracture strain by ~70%, respectively. 
e) The theoretical TYS of Mg-TiB2 nanocomposites are predicted utilizing summation of 
strengthening contributions and modified Clyne analytical models and compared to that of 
experimental 0.2% TYS of the composites.  It was found that the modified Clyne model is 
in closer agreement with the experimental 0.2% TYS of Mg-TiB2 nanocomposites. 
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f) The X-Ray diffraction studies indicated that nano sized TiB2 has the ability to modify the 
basal texture of hot extruded pure magnesium.  Maximum tensile fracture strain of ~16% 
was achieved in Mg 0.97 vol. % TiB2 materials.  This may be due to the weakening of basal 
texture of pure magnesium observed in XRD studies taken along the longitudinal sections 
of the nanocomposite samples.  The fractographs after tensile loading of pure Mg and Mg-
TiB2 nanocomposites indicated a typical cleavage mode of fracture.  
g) On compressive loading, when compared to pure Mg, the addition of 1.98 vol. % TiB2 to 
Mg has led to an increase in the 0.2% CYS and UCS by ~ 42% and ~ 10%, respectively.  
With 0.9 vol. % TiB2 NPs addition, the fracture strain value of pure Mg increases from 
~18% to ~22%.  The fractographs after compressive loading indicate more shear bands in 
pure Mg when compared to the synthesized nanocomposites. 
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Low volume fraction Titanium Dioxide 
Nanoparticulate reinforced Magnesium 
Metal Matrix Composites 
6.1 Introduction 
Titanium dioxide is chemically and biologically stable, nontoxic, and low cost and has established 
synthesis methods.  It exists in three different crystallographic forms such as rutile, anatase and 
brookite.  Aeroxide TiO2 P25 consists of mixture of two phases ~ 75% anatase and ~ 25% rutile 
[1].  TiO2 has gained a lot of attention in recent years especially in the field of photocatalysis.  TiO2 
coatings are used to improve the corrosion resistance and bioactivity of pure magnesium [2].  For 
biodegradable polymer matrices, nano-sized titanium dioxide is found to be an attractive filler 
material due to enhancement in cell attachment, proliferation and bioactivity [3, 4].  Recently, 
many metal/polymer matrix nanocomposite materials are synthesized and targeted for biomedical 
applications [5-7].  Both pure magnesium and titanium dioxide are biocompatible and bio-inert 
and therefore it is of prime importance to study the mechanical properties of pure magnesium 
reinforced with TiO2 nanoparticulates.  Previously, Khosroshahi et al. [8] synthesized AZ80 1wt.% 
TiO2 nanocomposite with TiO2  nanoparticulates (NPs) of size ~21 nm using thermomechanical 
processing consisting of stir casting followed by forward extrusion at 200°C.  After deformation 
through forward extrusion, the processed magnesium materials were immediately quenched into 
water. When compared to monolithic AZ80, composition with 1 wt.% nano TiO2 addition, 
exhibited significant reduction in grain size (~38%) and increase in microhardness (~15%).  
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Further, the room temperature tensile properties of the nanocomposite such as 0.2% tensile yield 
strength, ultimate tensile strength and elongation increased by ~ 43%, ~ 59% and ~ 250% 
respectively.  The results of the literature search, revealed that no attempt was made to study the 
isolated effects of TiO2 nanoreinforcements in altering the tensile and compressive response of 
monolithic pure magnesium in the absence of microstructural factors related to the presence of 
precipitates and heat treatment.  Accordingly, Mg (0.58, 0.97, 1.98 & 2.5) vol.% TiO2 reinforced 
magnesium nanocomposites were synthesized by disintegrated melt deposition technique followed 
by hot extrusion.  The physical, mechanical and microstructural properties of the nanocomposites 
are studied and compared to that of monolithic pure magnesium.   
6.2 Results and discussion 
6.2.1 Synthesis of Pure Mg and Mg-TiO2 nanocomposites 
Synthesis of pure magnesium and Mg-TiO2 nanocomposites were successfully accomplished using 
disintegrated melt deposition technique (DMD) followed by hot extrusion.  Observations made 
during DMD revealed: (a) minimal oxidation of liquid magnesium, (b) absence of macropores and 
blowholes, (c) no detectable reaction between graphite crucible, Mg and Mg-TiO2 melts. Similar 
observations were reported in the previous findings made on DMD processed magnesium based 
composites [9-15] which proves the viability of the DMD process, in general, in synthesizing 
magnesium based materials.  There was also no evidence of any macrostructural defects after 
extrusion.  Extrusion rods exhibited shiny surface and absence of circumferential cracks. 
6.2.2 Density measurements 
The results of the density measurements conducted on pure magnesium and Mg-TiO2 
nanocomposite samples are shown in Table 6.1.  An increase in the experimental density values 
was observed with the addition of TiO2 NPs, which is due to the relatively higher density of TiO2 
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(4.23 g/cm3).  The results indicate that by using the fabrication methodology adopted in the present 
study, near dense materials can be obtained.  Among the synthesized pure magnesium and Mg-
TiO2 nanocomposites, maximum porosity of 0.1526 % was observed in Mg 2.5 vol. % TiO2 
samples, as shown in Table 6.1.  However the porosity levels are very low and are found to be less 
than 0.16% in all the samples. 
Table 6.1: Density and CTE measurements of pure magnesium and synthesized Mg-TiO2 
             nanocomposites. 
Sl. 
No 






6/K] Wt. % Vol. % Theoretical Experimental 
1 Mg nil nil 1.7400 1.7380 0.1150 27 
2 Mg0.58TiO2 1.41 0.58 1.7545 1.7525 0.1107 26.8 
3 Mg0.97TiO2 2.34 0.97 1.7642 1.7618 0.1334 26.8 
4 Mg1.98TiO2 4.67 1.98 1.7923 1.7872 0.1175 26.6 
5 Mg 2.5 TiO2 5.87 2.5 1.8023 1.7995 0.1526 26.5 
 
6.2.3 X- ray diffraction studies 
The effects on crystallographic orientation of pure magnesium due to low volume fraction addition 
of TiO2 were analyzed using X-Ray Diffraction studies.  It is known that the reinforcing phases 
may contribute to the changes in the basal texture of the Mg crystal [16].  Figure 6.1 shows the X- 
Ray diffractograms of TiO2 nanopowder and the synthesized pure magnesium and Mg-TiO2 
nanocomposite samples obtained from both the cross sections and longitudinal sections of the hot 
extruded samples.  The high intensity Mg peaks were prominently seen and since TiO2 is present 
in a relatively low volume fraction (< 2.5 vol. %), the peaks corresponding to TiO2 were not visible 
[17].  However, the presence of TiO2 may be confirmed through the changes in the X- Ray 
diffractograms and microstructural investigation (Figure 6.2).  The ratio of XRD intensity of Mg 
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(such as pyramidal, basal and prismatic) to the maximum XRD intensity (I/Imax) observed for the 
synthesized pure Mg and Mg-TiO2 nanocomposites is given in Table 6.2. 
.   In the X- Ray diffractogram of as extruded pure magnesium, the peaks observed at 2θ = 
32°, 34° and 36° correspond to (101ത0) prismatic, (0002) basal and (101ത1) pyramidal planes of 
HCP Mg-crystal [18, 19], highlighted as X, Y and Z respectively in Figure 6.1.  Figure 6.1(a) 
shows the X- Ray diffractograms of pure Mg and Mg-TiO2 nanocomposites taken along the cross 
sections of the samples.  Along the cross section (perpendicular to the extrusion direction), the 
intensity of peak corresponding to the basal plane of pure magnesium (Figure 6.1(a)) is found to 
increase with addition of TiO2 NPs with Mg 1.98 vol. % TiO2 exhibiting a maximum  Ibasal/Imax 
value of 0.962 (Table 6.2).  The dominance of prismatic intensity (2θ = 32°) in the samples indicate 
that any of the prismatic plane is perpendicular to the extrusion direction [10, 19].   
Along the longitudinal direction (parallel to the extrusion direction), as shown in Figure 
6.1(b), the X- Ray diffractogram of pure Mg shows that the intensity of basal plane (0002) is the 
tallest indicating a strong basal texture.  This result shows that most of the basal planes are parallel 
to the extrusion direction, which is commonly observed in wrought magnesium materials [18-20].  
With the addition of nano TiO2 particulates, changes in the intensity of peaks are clearly observed.  
In case of Mg (0.58, 0.97& 1.98) vol.% TiO2, the intensity corresponding to the pyramidal plane 
(2θ = 36°) is found to be the maximum indicating the basal planes are no longer parallel to the 
extrusion direction.  Similar texture randomization is reported in other works [10, 19, 21, 22].  The 
dominance of basal plane intensity/basal texture (2θ = 34°) is still observed in Mg 2.5 vol.% TiO2 





Table 6.2: X-Ray Diffractogram results of as-extruded Mg-TiO2 nanocomposites. 

















































































































* T and L represents XRD taken along transverse and longitudinal sections of Mg-TiO2 samples. 
  I is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg.  




X, Y, Z represent 2θ = 32°, 34° and 36° corresponding to (1 0−1 0) prism, (0 0 0 2) basal and (1 
0−1 1) pyramidal planes respectively. 
 
Figure 6.1: X- Ray diffractograms of TiO2 nanopowder, pure Mg and Mg-TiO2 nanocomposites  
taken: (a) along cross section of the samples and (b) along the longitudinal direction  
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During recrystallization, the second phase small sized reinforcement when compared to larger 
sizes were found to inhibit grain growth significantly [23].  The microstructure and grain 
characteristics of pure magnesium and Mg-TiO2 nanocomposite samples are shown in Figure 6.2 
and Table 6.3.  The analysis for grain size (Table 6.3) of pure Mg and Mg-TiO2 nanocomposite 
samples indicate decrease in grain size of pure Mg by ~ 18 %, ~ 36 % , ~ 49% and ~ 53% with 
addition of 0.58, 0.97, 1.98 and 2.5 vol.% TiO2  NPs, respectively.  The distribution of nano-sized 
TiO2 reinforcements in the nanocomposite samples is observed through FESEM and is shown in 
Figure 6.3.   
The hot extruded nanocomposite samples exhibited lower grain size than the monolithic 
pure magnesium and this may be due to: (a) recrystallization during hot extrusion, (b) 
recrystallization of magnesium matrix through particle stimulated nucleation at the interfaces of 
TiO2 particles and Mg matrix [24] (c) pinning effect due to the presence of uniformly distributed 
nano-TiO2 particulates (Figure 6.3) with similar results being reported in [10] [25] [26] for Mg-
TiB2, Mg-Al2O3 and Mg-BN nanocomposite systems and (d) restricted grain growth of newly 
recrystallized grains due to the presence of TiO2 nanoparticulates [27].  Presence of minimal 
agglomeration of nano TiO2 particulates within the composite may be due to: (a) sandwich 
fashioned arrangement of Mg turnings and TiO2 powders within the crucible, (b) cautious selection 
of stirring parameters such as stirring time and speed, (c) disintegration of molten metal by Ar jet 
streams during deposition, (d) dynamic deposition of the composite slurry into the steel mold and 
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Figure 6.2 : Microscopic images showing grain characteristics of: (a) pure magnesium,  
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Figure 6.3: Distribution of nano-TiO2 particulates in Mg-TiO2 composites: (a) Mg0.58TiO2,  
   (b) Mg0.97TiO2, (c) Mg1.98TiO2 and (d) Mg2.5TiO2 & interfacial integrity of Mg-
TiO2 in the case of (e) Mg0.58TiO2, (f) Mg0.97TiO2, (g) Mg1.98TiO2 and (h) Mg2.5TiO2 
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Table 6.3:  Results of microstructure and microhardness studies of Mg-TiO2 nanocomposites. 
 







1 Mg 45±2.4 1.27±0.4 52 ± 1.5  
2 Mg0.58TiO2 37±3.6 (↓18%) 1.125±0.4
58 ± 2 
(↑12%)  
3 Mg0.97TiO2 29±2 (↓36%) 1.09±0.3 
61 ±2 
(↑17%)  
4 Mg1.98TiO2 23±5.5 (↓49%) 1.625±0.4
64± 3 
(↑23%)  




6.2.5 Coefficient of thermal expansion 
The results of CTE measurements in the temperature range of 50-400 °C, as shown in Table 6.1, 
revealed that the average CTE value of magnesium decreases only marginally with the addition 
nano TiO2 reinforcements.  The decrease in the CTE values of composites may be due to: (a) lower 
CTE of titanium dioxide (9 x 10-6 K-1) [28], (b) absence or minimal agglomeration of nano TiO2 
particulates within the nanocomposites (Figure 6.3) and (c) good interfacial integrity between the 
nano TiO2 particulates and magnesium matrix (Figure 6.3).  The results of CTE measurements 
indicate that the addition of titanium dioxide to monolithic pure magnesium matrix is not effective 
in significantly improving the dimensional stability of magnesium and that may be due to the lower 
amount of TiO2 in the matrix. 
6.2.6 Microhardness   
The microhardness measurements of pure magnesium and Mg-TiO2 nanocomposite samples are 
shown in Table 6.3.  When compared to monolithic pure magnesium, the addition of nano-sized 
TiO2 reinforcements has significantly improved the hardness value and a maximum increase of ~ 
30% with addition of 2.5 vol. % TiO2 NPs was observed.  Similar observations on microhardness 
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values of thermomechanically processed AZ80-TiO2 nanocomposites were reported [8].  The 
increase in hardness may be due to: (a) the presence of high hardness (700 Hv) nano-sized TiO2 
reinforcements, (b) presence of TiO2 reinforcements that serve as constraint to localized 
deformation during indentation and (c) reduced grain size (Table 6.3).    
6.2.7 Tensile properties 
The room temperature tensile properties of the synthesized pure magnesium and Mg-TiO2 
nanocomposites are shown in Table 6.4 and Figure 6.4.  With 2.5 vol. % TiO2 nano addition, the 
0.2% tensile yield strength (0.2% TYS), ultimate tensile strength (UTS) and fracture strain of pure 
Mg increased by ~ 37%, ~ 9% and ~ 31%, respectively.  With 0.58 vol. % TiO2 addition, the 0.2% 
TYS and UTS of pure magnesium decreased by ~ 15% and ~ 19%, respectively.  From the tensile 
stress-strain curve (Figure 6.4), the 0.2% TYS and UTS results of pure Mg and Mg 1.98 vol.% 
TiO2 nanocomposite are almost identical but the fracture strain of the nanocomposite increased by 
~ 40%.  The ability of a material to absorb energy up to fracture under tensile loading 
corresponding to the area under the stress-strain curve of pure magnesium was found to increase 
with the addition of TiO2 nanoparticulates.  When compared to pure Mg, a maximum of ~ 64% 
increase in the energy absorbed was observed with Mg 1.98 TiO2 materials indicating the damage 
tolerant capabilities, in general, of Mg-TiO2 nanocomposites.      
From Table 6.4, the improvement in strength of pure magnesium is observed only after the 
addition of greater than 2 vol.% TiO2 nanoparticulates and the increase in fracture strain was more 
visible even with minor additions of TiO2 (0.58 vol.%).   This suggests that the critical volume 
fraction of TiO2 required for tensile strength improvement is approximately 2.  The individual 
contributions of major strengthening mechanisms such as Orowan and Hall-Petch strengthening 
(Eqs. (2.2) to (2.4)) and theoretical tensile yield strength (TYS) of Mg-TiO2 nanocomposites 
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predicted using the summation of strengthening contributions and modified Clyne models 
calculated utilizing Eqs. (2.11) to (2.13) is shown in Table 6.5.  Figure 6.5 shows the experimental 
and predicted TYS of Mg-TiO2 nanocomposites.  It is observed that σModified-Clyne or modified Clyne 
model is in close agreement with the experimental 0.2% TYS of Mg-TiO2 nanocomposites.  
Further, a linear increasing trend observed with theoretically predicted TYS values of Mg-TiO2 
nanocomposites is absent in the case of experimental 0.2% TYS and a visible decrease in the 0.2% 
TYS of Mg 1.98 vol. % TiO2 nanocomposite is observed.  Further, among the synthesized Mg-
TiO2 nanocomposites, Mg 1.98 vol. % TiO2 exhibited the maximum tensile fracture strain value 
of ~ 11.5%.  
The room temperature tensile fracture strain of extruded pure magnesium is usually low 
due to the dominance of basal texture with basal planes (0 0 0 2) aligned parallel to the extrusion 
direction (Figure 6.1) [10, 18].  The improvements in the tensile fracture strain of the 
nanocomposite samples may be attributed to textural changes in pure magnesium due to the nano 
TiO2 additions.  The uniformly distributed TiO2 nanoparticulates in pure magnesium results in the 
activation of non-basal and cross slip that increases the fracture strain in the developed Mg 
nanocomposites [10, 19, 29-33].  Changes in crystallographic texture of pure magnesium with 
addition of (0.58, 0.97 and 1.98) vol.% TiO2 nanoreinforcements observed in the longitudinal 
section of the nanocomposite samples (parallel to extrusion direction) (Figure 6.1 (b)) shows the 
decrease in the dominance of basal plane intensity highlighting that the basal planes are no longer 
parallel to the extrusion direction.  Considering the standard deviation and the amount of TiO2 
nanoparticulate added to pure Mg, the fracture strain of Mg 2.5 vol.% TiO2 nanocomposite is found 






Figure 6.4: Stress-Strain curves of pure Mg and the synthesized Mg-TiO2 nanocomposites  
        during tensile loading. 
 
   Table 6.4: Results of room temperature tensile testing of Mg-TiO2 nanocomposites. 
 









Pure Mg 92±5 156±6 8.2±0.2 11±1 
































(in MPa)   
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Table 6.5:  Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted  


























80.00 35.08 46.03 173.11 149.87 
0.97 97.00 44.05 52.00 188.05 160.15 
1.98 102.00 62.00 58.38 212.38 177.16 
2.50 124.00 69.93 61.10 223.03 184.86 
 
Figure 6.5: Experimental and predicted TYS values of Mg-TiO2 nanocomposites. 
Figure 6.6 shows the tensile fracture surfaces of pure magnesium and Mg-TiO2 
nanocomposites.  For all the pure magnesium and Mg-TiO2 nanocomposites, a typical cleavage 
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mode of fracture is observed which indicates that the fracture behavior of Mg-TiO2 materials is 
greatly controlled by the pure magnesium matrix.    
           
 
(a)           (b) 
                 
 
   (c)           (d) 
 
                                            
  `           (e) 
 
Figure 6.6:  Fractographs after tensile loading of: (a) pure magnesium, (b) Mg0.58TiO2,  




Table 6.6: Results of room temperature compression testing of Mg-TiO2 nanocomposites. 
 








Pure Mg 57±3 332±10 18 34±2 





























6.2.8 Compression properties 
The room temperature compression properties of the synthesized pure magnesium and Mg-TiO2 
nanocomposites are shown in Table 6.6 and Figure 6.7.  With the addition of TiO2 
nanoparticulates, the 0.2% compressive yield strength (0.2% CYS) and compressive fracture strain 
of pure magnesium were found to increase but the ultimate compressive strength (UCS) of the 
nanocomposites was found to be lesser than that of pure magnesium.  With addition of 2.5 vol.% 
TiO2, a maximum of ~ 77% increase in 0.2% CYS and ~ 22% increase in the fracture strain with 
~ 7% decrease in UCS of pure magnesium were observed.  A minimum of ~ 14% decrease in UCS 
was observed with 0.58 vol.% TiO2 NPs addition.  The increase in the 0.2% CYS of the 
nanocomposites may be due to: (a) reduction in grain size [13] and (b) Orowan strengthening due 
to the presence of nano TiO2  [9, 10].  With the addition of TiO2 nanoparticulates, the ability of a 
material to absorb energy up to fracture under compressive loading corresponding to the area under 
the stress-strain curve of pure magnesium was found to increase and a maximum of ~ 26% increase 
in the energy absorbed of pure Mg was observed with 2.5vol.% TiO2 nano addition.  Figure 6.8 
shows the fracture surfaces of the fractured pure Mg and Mg-TiO2 nanocomposite samples under 
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compressive loading.  For all the pure Mg and Mg-TiO2 nanocomposites, the fracture occurred 45° 
(Figure 6.8) with respect to the compression loading axis.  The fractographic images indicate the 




Figure 6.7 : Stress-Strain curves of pure Mg and the synthesized Mg-TiO2 nanocomposites  
        during compression loading. 
 
It has been widely reported that the room temperature 0.2% CYS of extruded Mg materials 
is approximately half that of 0.2% TYS both measured under extrusion direction [34] and extruded 
magnesium materials possess strong basal texture which is visible from X- Ray diffraction studies 
(Figure 6.1).  The level of anisotropy in the synthesised pure magnesium and Mg-TiO2 
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Figure 6.8: Fractographs after compressive loading of: (a) pure magnesium, (b) Mg0.58TiO2, 





From Table 6.7, it is observed that the TCA values of the synthesised Mg-TiO2 
nanocomposites are lesser than that of pure magnesium with a minimum value of  ~ 1 for Mg 0.58 
vol.% TiO2.  The weakening of basal texture as clearly evident in Mg (0.58, 0.97 and 1.98) vol.% 
TiO2 nanocomposites (Figure 6.1(b))  yields the materials at a relatively lower stress with higher 
fracture strains when compared to Mg 2.5 vol.% TiO2 .  Accordingly, the tensile yield strength 
variation in Mg (0.58, 0.97 and 1.98) TiO2 nanocomposites is found to be minimal ~ -15%, ~ 3% 
and ~ 8% respectively when compared to that of pure magnesium.  Higher yield strength materials 
found to increase both the difficulty to activate basal slip and inability of twinning with relatively 
low fracture strain [21, 22, 35] and similar results were observed with the synthesized Mg 2.5 
vol.% TiO2.   
Table 6.7: Room temperature tensile – compression asymmetry (TCA) of the synthesized pure  




6.3. Conclusions  
a) Near dense < 2.5 vol. % Mg-TiO2 nanocomposites can be synthesized using disintegrated 
melt deposition technique followed by hot extrusion. 
Material σ y,t (MPa) 
σ y,c 
(MPa) TCA 
Pure Mg 92±5 57±3 1.61 
Mg0.58TiO2 80±2 78±5 1 
Mg0.97TiO2 97±3 85.5±2 1.14  
Mg1.98TiO2 102±3 88.3±1 1.17 
Mg2.5TiO2 124±8.8 101±9 1.20 
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b) Presence of TiO2 nanoparticulates in pure magnesium reduces the grain size, increases the 
microhardness and affects CTE only marginally. 
c) Room temperature tensile properties of the nanocomposites indicate ≥ 2 vol. % TiO2 
nanoparticulates are required for strength improvement of pure magnesium.  Mg 2.5 vol. 
% TiO2 nanocomposite possesses the best 0.2% TYS and UTS of 124±8.8 MPa and 170±6 
MPa respectively which surpasses those of pure Mg by ~ 37% and ~ 9%.  The best ductility 
was exhibited by Mg 1.98 vol. % TiO2 (11.5 %) which surpasses that of pure magnesium 
by ~ 40%. 
d) On compressive loading, the 0.2% CYS and fracture strain of pure magnesium were found 
to increase with the addition of TiO2 nanoparticulates and UCS of the synthesized 
nanocomposites was lower than that of pure magnesium.  With 2.5 vol.% TiO2 
nanoparticulates addition, a maximum 0.2% CYS and UCS of 101±9 MPa and  305.5±11 
MPa respectively were observed with a fracture strain of ~ 22% which corresponds to ~ 
77%, ~ 22% improvement in 0.2% CYS , fracture strain and ~ 7% decrease in UCS of pure 
Mg.  
e) The addition of up to 2 vol. % of TiO2 to pure magnesium was found to modify its strong 
basal texture and a maximum tensile fracture strain of ~ 11.5% was observed for Mg 1.98 
vol.% TiO2 nanocomposites.  The level of asymmetry/anisotropy of the synthesized 
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Low volume fraction titanium carbide 
nanoparticulates reinforced magnesium 
metal matrix composites 
 
7.1 Introduction 
Titanium carbide (TiC) is a transition metal carbide with a face centered cubic structure [1] and 
has favorable mechanical properties such as high hardness (28 – 35 GPa), high Young’s modulus 
(300 – 480 GPa), high melting point (3067 °C) and low density (4.93 g cm-3) [2].  Previously, 
Hwang et al. [3] studied the compressive properties of Mg 15 vol. % TiC (~ 6 nm) nanocomposite 
synthesized by mechanical milling.  For synthesizing Mg-TiC nanocomposites, pure Mg (99.6% 
pure, -325 mesh), Ti (99.98%, -325 mesh) and C (99.5%) powders were mechanically milled for 
24 h in an Ar atmosphere.  Ball to powder charge ratio was 10:1.  The as-milled powders were 
compacted and then sintered at 350 °C for 1 hr in vacuum.  The nanocomposite exhibited high 
compression properties with strength and compressive fracture strain of ~ 320 MPa and 28%, 
respectively.  After heat treatment at 350 °C for 1 h, the compression strength of the 
nanocomposites increased by ~ 8% (~ 345 MPa) with reduction in compressive fracture strain (to 
~ 15%).  Contreras et al. [4] fabricated Mg 56 vol. % TiC composite by using pressureless melt 
infiltration technique.    The X-ray diffractogram of the composite sample indicated that there was 
no dissolution of TiC which was also confirmed by the absence of Mg carbide formation and 
thereby concluded that TiC is stable in pure Mg melts.  The infiltration of molten Mg into porous 
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TiC preforms were successfully done at temperatures of 850 °C, 900 °C and 950 °C under a 
protective atmosphere of Ar.  The Mg-TiC composite synthesized at 850 °C, 900 °C and 950 °C 
infiltration temperatures exhibited ultimate tensile strength of 172 MPa, 200 MPa and 233 MPa, 
respectively.  The composites failed rapidly after yielding.   
However, the results of the literature search revealed that no attempt was made to study the 
isolated effects of low volume fraction TiC NPs in altering positively the tensile and compressive 
response of monolithic pure magnesium in the absence of microstructural factors related to the 
presence of precipitates and heat treatment.  Accordingly in this study, Mg (0.58, 0.97 and 1.98) 
vol. % TiC reinforced magnesium nanocomposites were synthesized by disintegrated melt 
deposition (DMD) technique followed by hot extrusion.  The physical, mechanical and 
microstructural properties of the nanocomposites are studied and compared to that of monolithic 
pure magnesium.   
7.2 Results and discussion 
7.2.1 Synthesis of Pure Mg and Mg-TiC nanocomposites 
Synthesis of pure magnesium and Mg-TiC nanocomposites were successfully accomplished using 
disintegrated melt deposition technique followed by hot extrusion.  Observations made during 
DMD revealed: (a) minimal oxidation of liquid magnesium, (b) absence of macropores and 
blowholes, (c) no detectable reaction between graphite crucible, Mg and Mg-TiC melts. Similar 
observations were reported in the previous findings made on DMD processed magnesium based 
nanocomposites [5-12] which proves the viability of the DMD process, in general, in synthesizing 
magnesium based nanocomposites.  Similar to other Mg-Ti based nanocomposites primarily 
synthesized by DMD technique followed by hot extrusion, there was also no evidence of any 
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macrostructural defects after extrusion.  Extrusion rods exhibited shiny surface and absence of 
circumferential cracks. 
7.2.2 Density measurements 
The results of the density measurements conducted on pure magnesium and Mg-TiC 
nanocomposite samples are shown in Table 7.1.  An increase in the experimental density values 
was observed with the addition of TiC NPs, which is due to the relatively higher density of TiC 
(4.93 g/cm3).  Among the synthesized pure magnesium and Mg-TiC nanocomposites, maximum 
porosity of 0.183 % was observed in Mg 1.98 vol. % TiC samples, as shown in Table 7.1.  
However, the porosity levels were very low (< 0.2%) in all the synthesized Mg materials.  The 
results indicate that by utilizing the fabrication methodology adopted in the present study, near 
dense Mg materials (Mg-MMCs) can be synthesized.   
Table 7.1: Density and CTE measurements of pure magnesium and synthesized Mg-TiC 
             nanocomposites. 
Sl. 
No 






6/K] Wt. % Vol. % Theoretical Experimental 
1 Mg nil nil 1.7400 1.7374 0.1495 27.82 
2 Mg0.58TiC 1.63 0.58 1.7585 1.7558 0.1536 27.55 
3 Mg0.97TiC 2.70 0.97 1.7709 1.7680 0.1638 27.42 
4 Mg1.98TiC 5.41 1.98 1.8026 1.7993 0.183 26.55 
 
7.2.3 X- ray diffraction studies 
The effects on crystallographic orientation of pure magnesium due to (0.58, 0.97 and 1.98) vol. % 
addition of TiC NPs were analyzed using X-Ray Diffraction studies.  It is known that the 
reinforcing phases may contribute to the changes in the basal texture of Mg crystal [13].  Figure 
7.1 shows the X- Ray diffractograms of TiC nanopowder and the synthesized pure magnesium and 
114 
 
Mg-TiC nanocomposite samples obtained from both the cross sections and longitudinal sections 
of the hot extruded samples.  In the X-ray diffractograms of Mg-TiC nanocomposite samples, the 
high intensity Mg peaks were prominently seen and since TiC is present in a relatively low volume 
fraction (< 2 vol. %), the peaks corresponding to TiC were not visible [14].  However, the presence 
of TiC may be confirmed through the changes in the X- Ray diffractograms (Figure 7.1(b)) and 
microstructural investigation (Figure 7.2). The ratio of XRD intensity of Mg (such as pyramidal, 
basal and prismatic) to the maximum XRD intensity (I/Imax) observed for the synthesized pure Mg 
and Mg-TiC nanocomposites is given in Table 7.2. 
 In the X- Ray diffractogram of as extruded pure magnesium, the peaks observed at 2θ = 
32°, 34° and 36° correspond to (1 01	ഥ0) prism, (0 0 0 2) basal and (1 0	1ത 1) pyramidal planes of 
HCP Mg-crystal [6, 12], highlighted as X, Y and Z respectively in Figure 7.1.  Figure 7.1(a) shows 
the X- Ray diffractograms of pure Mg and Mg-TiC nanocomposites taken along the cross sections 
of the samples.  Along the cross section (perpendicular to the extrusion direction), the dominance 
of prismatic intensity (2θ = 32°) is observed in all the Mg materials with Iprismatic/Imax value of 1 as 
shown in Table 7.1 which indicate that any of the prismatic plane is perpendicular to the extrusion 
direction [6, 12].  Along the longitudinal direction (parallel to the extrusion direction), as shown 
in Figure 7.1(b), the X- Ray diffractogram of pure Mg shows that the intensity of basal plane 
(0002) is the maximum indicating a strong basal texture.  This shows that most of the basal planes 
are parallel to the extrusion direction.  With the addition of (0.58 and 0.97) vol. % TiC NPs, 
changes in the intensity of peaks are clearly observed and the intensity corresponding to the 
pyramidal plane (2θ = 36°) is found to be the maximum indicating that the basal planes are no 
longer parallel to the extrusion direction.  Further, Mg 0.97 vol. % TiC nanocomposite exhibited 
the minimum Ibasal/Imax value of 0.8 as shown in Table 7.2 and exhibited the maximum tensile 
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fracture strain value of ~ 22%.  Similar texture randomization is reported in other works [6, 12, 
15].  The dominance of basal plane intensity / basal texture (2θ = 34°) is still observed in Mg 1.98 
vol. % TiC nanocomposite samples similar to pure magnesium. 
 
Table 7.2: X-ray diffractogram results of as-extruded Mg-TiC nanocomposites. 
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* T and L represents XRD taken along transverse and longitudinal sections of Mg-TiC samples 
  I is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg  






X, Y, Z represent 2θ = 32°, 34° and 36° corresponding to (1 0 1ത 0) prism, (0 0 0 2) basal and (1 0 
1ത 1) pyramidal planes respectively. 
Figure 7.1: X- Ray diffractograms of TiC nanopowder, pure Mg and Mg-TiC nanocomposites  
                taken: (a) along cross section of the samples and (b) along the longitudinal direction of     
                the sample. 
(a) 
(b) 
•  - Mg 
Δ - TiC 
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Figure 7.2: Distribution of TiC nanoparticulates in Mg-TiC composites: (a) Mg0.58TiC,  
(b) Mg0.97TiC and (c) Mg1.98TiC & interfacial integrity of Mg-TiC in the case of (d) 






During recrystallization, the second phase small sized reinforcement when compared to larger 
sizes were found to inhibit grain growth significantly [16].   The microstructure and grain 
characteristics of pure magnesium and Mg-TiC nanocomposite samples are shown in Figure 7.3 
and Table 7.3.  Significant grain refinement with increasing volume fraction addition of TiC NPs 
was observed.  The decrease in grain size was ~ 40%, ~ 49% and ~ 53% with addition of 0.58, 
0.97 and 1.98 vol. % TiC NPs, respectively.  The distribution of TiC NPs in the nanocomposite 
samples is observed through FESEM and is shown in Figure 7.2. 
 The hot extruded Mg-TiC nanocomposite samples exhibited lower grain size than the 
monolithic pure magnesium and this may be due to: (a) recrystallization during hot extrusion, (b) 
recrystallization of magnesium matrix through particle stimulated nucleation at the interfaces of 
TiC NPs and Mg matrix [17] (c) pinning effect due to the presence of distributed TiC NPs (with 
minimal or nil agglomeration (Figure 7.2)) with similar results being reported in  [6, 12, 15, 18] 
for Mg-TiO2, Mg-TiB2, Mg-ZnO and Mg-Al2O3 nanocomposite systems.  Further, strong 
interfacial bonding may be achieved due to partial wettability of TiC by molten Mg [19].   
Table 7.3:  Results of microstructure and microhardness studies of Mg-TiC nanocomposites. 
 







1 Mg 45±2 1.27±0.4 52±1.5  
2 Mg0.58TiC 26.9±3 (↓40%) 1.5±0.5 
55±1 
(↑6%)  
3 Mg0.97TiC 23±2 (↓49%) 1.3±0.5 
57±1.5 
(↑10%)  






           
        (a)                                                         (b) 
 
           
   (c)                                                                      (d) 
 
 
Figure 7.3 : Microscopic images showing grain characteristics of: (a) pure magnesium,  
    (b) Mg0.58TiC  (c) Mg0.97TiC and (d) Mg1.98TiC. 
 
7.2.5 Coefficient of thermal expansion 
The results of CTE measurements in the temperature range of 50-400 °C, as shown in Table 7.1, 
revealed that the average CTE value of magnesium decreases only marginally with the addition 
TiC NPs.  This may be due to: (a) lower CTE of titanium carbide (~ 7.4 x 10-6 K-1) [20] when 
compared to that of pure Mg (~ 28.9 x 10-6 K-1) [21], (b) absence or minimal agglomeration of TiC  
NPs within the nanocomposites (Figure 7.2) and (c) good interfacial integrity between the TiC 
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NPs and magnesium matrix (Figure 7.2).  A marginal improvement in dimensional stability is 
consistent with the lower amount of TiC NPs within magnesium matrix. 
7.2.6 Microhardness   
Microhardness measurements of pure magnesium and Mg-TiC nanocomposite samples are shown 
in Table 7.3.  When compared to monolithic pure magnesium, the addition of TiC NPs has 
improved the hardness value and a maximum increase of ~ 16% with addition of 1.98 vol. % TiC 
NPs was observed.  The increase in the hardness values of pure Mg may be due to: (a) presence of 
harder TiC reinforcements (28 to 35 GPa) [2] that serve as constraint to localized deformation 
during indentation, and (b) reduced grain size (Table 7.3).    
7.2.7 Tensile properties 
The room temperature tensile properties of the synthesized pure magnesium and Mg-TiC 
nanocomposites are shown in Table 7.4 and Figure 7.4.  With the addition of 1.98 vol. % TiC NPs, 
an increase in the 0.2% tensile yield strength (0.2% TYS), ultimate tensile strength (UTS) and 
tensile fracture strain values of pure Mg by ~ 69%, ~ 46% and ~ 42%, respectively was observed.  
The maximum tensile fracture strain of ~ 22% was observed with Mg 0.97 vol. % TiC 
nanocomposites which is ~ 57% greater than that of pure Mg.  The ability of a material to absorb 
energy up to fracture under tensile loading corresponding to the area under the stress-strain curve 
of pure magnesium was found to increase with the addition TiC NPs.  When compared to pure 
Mg, a maximum of ~ 109% increase in the energy absorbed was observed with 1.98 vol. % TiC 
addition indicating the damage tolerant capabilities, in general, of Mg-TiC nanocomposites (See 
Table 7.4).   
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Table 7.4: Results of room temperature tensile testing of Mg-TiC nanocomposites. 
 






Pure Mg 74±5 130±5 14±1 17±1.6 
























Figure 7.4: Stress-Strain curves of pure Mg and the synthesized Mg-TiC nanocomposites during  






Table 7.5:  Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted  

























94.00 18.41 53.88 146.29 130.94 
0.97 87.00 23.12 58.34 155.46 136.75 
1.98 125.00 32.54 61.10 167.64 143.22 
 
 
Figure 7.5: Experimental and predicted TYS values of Mg-TiC nanocomposites. 
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Increase in the 0.2% TYS and UTS may be attributed to (a) presence of TiC NPs contributing to 
the Orowan strengthening and (b) reduction in the grain size of pure Mg with the addition of TiC 
NPs contributing to the Hall-Petch strengthening.  The individual contributions of major 
strengthening mechanisms such as Orowan and Hall-Petch strengthening (Eqs. (2.2) to (2.4)) and 
theoretical tensile yield strength (TYS) of Mg-TiB2 nanocomposites predicted using the 
summation of strengthening contributions and modified Clyne models calculated utilizing Eqs. 
(2.11) to (2.13) is shown in Table 7.5.  Further, Figure 7.5 shows the experimental and theoretically 
predicted TYS values of Mg-TiC nanocomposites and it is observed that σModified-Clyne or modified 
Clyne model is in close agreement with the experimental 0.2% TYS of Mg-TiC nanocomposites.  
Further, with addition of TiC NPs, the predicted values of TYS exhibited an increasing trend which 
was not observed experimentally.  The decrease in the experimental values of 0.2% TYS of Mg 
0.97 vol. % TiC nanocomposite and significant increase in its tensile fracture strain (~ 22%) may 
be attributed to the non-basal cross slip activation due to the weakening of basal texture of pure 
Mg which may be confirmed by the X-ray diffractogram of the nanocomposite (Figure 7.1(b)).  
Similar observations on NPs reinforced Mg-MMCs have been reported by [6, 12, 15, 22, 23].  The 
results indicate that texture effects need to be included in strength predicting models for 
composites especially for the one based on HCP metallic matrix.  The tensile fracture surfaces of 
pure magnesium and Mg-TiC nanocomposites are shown in Figure 7.6.  For all the pure 
magnesium and Mg-TiC nanocomposites, a typical cleavage mode of fracture is observed which 
indicates that the fracture behavior of Mg-TiC materials is greatly controlled by the pure 





        
7.6(a)           7.6(b) 
                 
         
   7.6(c)           7.6(d) 
    
Figure 7.6:  Fractographs after tensile loading of: (a) pure magnesium, (b) Mg0.58TiC,  
     (c) Mg0.97TiC and (d) Mg1.98TiC.                               
 
 
7.2.8 Compression Properties 
The room temperature compression properties of pure Mg and the synthesized Mg-TiC 
nanocomposites are shown in Figure 7.7 and Table 7.6.  With addition of (0.58, 0.97 and 1.98) 
vol. % TiC NPs, the 0.2% compressive yield strength (0.2% CYS) of pure Mg was found to 
increase with inappreciable effects on ultimate compressive stress (UCS) and compressive fracture 
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strain.  The increase in the 0.2% CYS of the nanocomposites may be due to: (a) Orowan 
strengthening due to the presence of distributed TiC NPs  [6, 12] and (b) Hall-Petch strengthening 
due to reduction in grain size [9].  Further, when compared to pure Mg, the energy absorbed up to 
fracture under compressive loading of Mg-TiC nanocomposites was found to be higher and a 
maximum of ~ 25% increase with (0.58 and 1.98) vol. % TiC addition was observed.  Figure 7.8 
shows the fracture surfaces of the fractured pure Mg and Mg-TiC nanocomposite samples under 
compressive loading.  For all the pure Mg and Mg-TiC nanocomposites, the fracture occurred 45° 
with respect to the compression loading axis.  The fractographic images indicate the presence of 
shear bands in all the pure Mg and nanocomposite samples.      
 
 
Figure 7.7: Stress-Strain curves of pure Mg and the synthesized Mg-TiC nanocomposites during  




Table 7.6: Results of room temperature compression testing of Mg-TiC nanocomposites. 
 









Pure Mg 55±4 337±1.8 18±0.5 34±2.5 





Mg0.97TiC 82±3.7 (↑49%) 331±10 17±2 
39±5 
(↑14%) 




            
            7.8(a)           7.8(b) 
 
            
    7.8(c)         7.8(d) 
Figure 7.8: Fractographs after compressive loading of: (a) pure magnesium, (b) Mg0.58TiC, 




Generally, extruded Mg materials possess strong basal texture which may be reflected from the X 
ray diffractogram (Figure 7.1) and the room temperature 0.2% CYS of extruded Mg materials is 
approximately half that of 0.2% TYS [24].  The level of anisotropy in the synthesised pure 
magnesium and Mg-TiC nanocomposites is shown in Table 7.7.  From Table 7.7, it is observed 
that the TCA values of Mg (0.58 and 0.97) vol. % TiC nanocomposites are lesser than that of pure 
magnesium with a minimum value of ~ 1.06 for Mg 0.97 vol. % TiC.  The weakening of basal 
texture as clearly evident in Mg (0.58, 0.97) vol. % TiC nanocomposites (Figure 7.1(b)) yields the 
materials at a relatively lower stress with higher fracture strains when compared to Mg 1.98 vol. 
% TiC .  Accordingly, the improvement in tensile yield strength of Mg (0.58, 0.97) vol. % TiC 
nanocomposites when compared to that of pure Mg is found to be minimal ~ 27% and 17%, 
respectively.  Higher yield strength materials found to increase both the difficulty to activate basal 
slip and inability of twinning with relatively low fracture strain [25-27] and similar results were 
observed with the synthesized Mg 1.98 vol. % TiC (when compared to 0.2% TYS and tensile 
fracture strain values of Mg (0.58 and 0.97) vol. % TiC nanocomposites). 
Table 7.7: Room temperature Tensile – Compression Asymmetry (TCA) of the synthesized pure 
      Mg and Mg-TiC materials. 
 
Material σ y,t (MPa) 
σ y,c 
(MPa) TCA 
Pure Mg 74±5 55±4 1.345 
Mg0.58TiC 94±3 74±0.5 1.27 
Mg0.97TiC 87±2 82±3.7 1.061 
Mg1.98TiC 125±5 77.5±3 1.612 
 
 




The primary conclusions of this study are as follows: 
a) Near dense less than (<) 2 vol. % Mg-TiC nanocomposites can be synthesized using 
disintegrated melt deposition technique followed by hot extrusion. 
b) Presence of TiC nanoparticulates in pure magnesium reduces the grain size, increases the 
microhardness and affects CTE only marginally. 
c) Room temperature tensile properties of the nanocomposites indicate significant 
improvement in the tensile fracture strain upon addition of TiC NPs with a maximum of ~ 
22% for Mg 0.97 vol. % TiC nanocomposite.  Mg 1.98 vol. % TiC exhibited the best tensile 
properties with 0.2% TYS, UTS and tensile fracture strain of ~ 125 MPa, ~ 190 MPa and 
~ 20%, respectively which surpasses those of pure Mg by ~ 69%, ~ 46% and ~ 43%, 
respectively. 
d) Among the predictive models utilized in this study, modified Clyne model is found to be 
in closer agreement with the experimental 0.2% TYS of the nanocomposites. 
e) On compressive loading, with addition of TiC NPs, the 0.2% CYS of pure magnesium was 
found to increase with inappreciable effects on UCS and compressive fracture strain.  With 
0.97 vol. % TiC addition, a maximum 0.2% CYS of ~ 82 MPa was observed. 
f) On both tensile and compressive loading, Mg 1.98 vol. % TiC nanocomposite exhibited 
the maximum energy absorbed prior to fracture of ~ 35.5 MJ/m3 and 42.3 MJ/m3, 
respectively which are ~ 109% and ~ 25% higher than that of pure Mg.  
g) The addition of up to ~ 1 vol. % of TiC NPs to pure magnesium was found to modify its 
strong basal texture and a maximum tensile fracture strain of ~ 22% was observed for Mg 
0.97 vol.% TiC nanocomposite.  Further, Mg 0.97 vol. % TiC nanocomposite exhibited 
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tensile-compression asymmetry value of ~ 1 which is the lowest among the synthesized 
composites.   
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8.1 Introduction 
Among the ceramics of Ti, TiC, TiB2 and TiN have exceptional hardness, modulus and have high 
resistance to erosion and corrosion properties.  They are used as coatings for improving the wear 
resistance of implants.  Titanium nitride (TiN) coated titanium material did not induce any acute 
systemic toxicity in mice [1]. The results of the literature search revealed that no attempt was made 
to study the effects of TiN NPs to alter the tensile and compressive response of monolithic pure 
Mg in the absence of microstructural factors related to the presence of precipitates and heat 
treatment.  Accordingly, Mg matrix reinforced with low volume fraction (0.58, 0.97, 1.98 and 2.5) 
vol. % TiN NPs are synthesized by disintegrated melt deposition technique followed by hot 
extrusion.  The hot extruded Mg-TiN nanocomposite samples are then characterized for physical, 
microstructural and mechanical properties. 
8.2 Results and discussion 
8.2.1.  Density and Porosity Measurements 
The results of density measurements of the synthesized pure Mg and Mg-TiN nanocomposites are 
shown in Table 8.1.  The reference density of the Mg-TiN nanocomposites are theoretically 
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calculated utilizing rule of mixtures.  With the addition of up to 2.5 vol. % TiN NPs, marginal 
increase in the experimental density value of pure Mg was observed and Mg 2.5 vol. % TiN 
nanocomposite exhibited a maximum of ~ 1.8225 g/cm3 which is only ~ 5% greater than that of 
pure Mg.  The increase in the experimental density of Mg-TiN nanocomposites may be attributed 
to the presence of higher dense TiN NPs (5.4 g/cm3).  Further, the porosity value of the synthesized 
Mg materials was found to increase with the addition of TiN NPs and Mg 2.5 vol. % TiN 
nanocomposite exhibited a maximum porosity of ~ 0.5%. 
Table 8.1: Density and CTE measurements of pure magnesium and synthesized Mg-TiN 
             nanocomposites. 
Sl. 
No 






6/K] Wt. % Vol. % Theoretical Experimental 
1 Mg nil Nil 1.7400 1.7356 0.2530 27.00 
2 Mg0.58TiN 1.78 0.58 1.7612 1.7589 0.1322 25.54 
3 Mg0.97TiN 2.95 0.97 1.7750 1.7695 0.3382 24.63 
4 Mg1.98TiN 5.9 1.98 1.8125 1.8050 0.4123 24.58 
5 Mg 2.5 TiN 7.37 2.5 1.8315 1.8225 0.4917 22.61 
 
8.2.2  X-Ray Diffraction Studies 
Figure 8.1 shows the X-Ray diffractogram of TiN and hot extruded pure Mg, Mg-TiN 
nanocomposites taken along transverse and longitudinal sections of the samples.  The high 
intensity Mg peaks were prominently seen and the peaks corresponding to TiN were not visible in 
the synthesized Mg-TiN nanocomposites which is due to the limitation of filtered X-Rays to detect 
secondary phases with low volume fraction [2].  However, the presence of TiN NPs in the Mg-
TiN nanocomposites can be confirmed through microstructural characterization and changes in the 
intensity of Mg peaks observed through X-Ray diffraction studies.  In the X-Ray diffractogram of 
as-extruded pure Mg, the peaks observed at 2θ = 32°, 34° and 36°correspond to (101ത0) prismatic, 
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(0002) basal and (101ത1) pyramidal planes, respectively.  With the addition of TiN NPs, changes 
in the intensity of basal plane of pure Mg was observed.  The ratio of XRD intensity of Mg (such 
as pyramidal, basal and prismatic) to the maximum XRD intensity (I/Imax) observed for the 
synthesized pure Mg and Mg-TiN nanocomposites is given in Table 8.2. 
 Along the transverse direction (perpendicular to the extrusion direction), the intensity 
corresponding to the basal plane of pure Mg was found to increase with up to 0.97 vol. % TiN NPs 
addition and Mg 0.97 TiN exhibited a maximum Ibasal/Imax value of ~ 0.674.  With further addition 
of TiN NPs, the intensity corresponding to the basal plane of pure Mg was found to decrease and 
among the synthesized Mg-TiN nanocomposites, Mg 2.5 vol. % TiN exhibited a minimum 
Ibasal/Imax of ~ 0.460.  Further, the intensity corresponding to the prismatic plane (2θ = 32°) was 
found to be the maximum for all the synthesized Mg materials indicating that any of the prismatic 
planes is perpendicular to the extrusion direction [3-5].  Along the longitudinal direction, the 
intensity corresponding to the basal plane (2θ = 34°) of hot extruded pure Mg was found to be the 
maximum indicating strong basal texture with most of the basal planes parallel to the extrusion 
direction, which is commonly found in wrought Mg materials [3, 5, 6].  With the addition of up to 
1.98 vol. % TiN NPs, the basal plane intensity of pure Mg was found to decrease indicating that 
the basal planes are no longer parallel to the extrusion direction.  This similar randomization in the 
texture of pure Mg with the addition of certain critical quantities of NPs such as (0.58 and 0.97) 
vol. % TiB2, (0.58 and 0.97) vol. % TiC and (0.58, 0.97, 1.98) vol. % TiO2 was observed previously 
[3-5].  With further addition of TiN NPs (2.5 vol. %), the basal plane intensity of pure Mg was 
found to increase and thereby exhibiting strong basal texture (Ibasal/Imax = 1) similar to that of 




Table 8.2: X-Ray Diffractogram results of as-extruded Mg-TiN nanocomposites. 
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* T and L represents XRD taken along transverse and longitudinal sections of Mg-TiN samples 
  I is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg  




Figure 8.1:  X-Ray diffractograms of TiN nanopowder, pure Mg and Mg-TiN nanocomposites 
taken along: (a) transverse direction and (b) longitudinal direction of hot extruded 
samples. X, Y, Z represent 2θ = 32°, 34° and 36° corresponding to (1 01	ഥ0) prism, 
(0002) basal and (1 0	1ത 1) pyramidal planes, respectively. 
 
8.2.3  Microstructural Characterization 
The results of grain size measurements conducted on optical micrographs of synthesized pure Mg 
and Mg-TiN nanocomposites (Figure 8.2) are shown in Table 8.3.  It is observed that the grain 
size of pure Mg decreases with the addition of TiN NPs and a minimum of ~ 11 μm, which is ~ 
57% lower than that of pure Mg was observed with Mg 2.5 vol. % TiN nanocomposite.  Further, 
from the micrographs (Figure 8.3) representing the distribution of TiN NPs within the synthesized 
Mg-TiN nanocomposites, minimal agglomeration of TiN particulates was observed. 
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During recrystallization, when compared to the presence of large sized reinforcements, ultrafine 
second phase reinforcements restricts the grain growth of metal matrix more significantly [7].  The 
grain size of pure Mg was found to decrease with the addition of TiN NPs which is due to: (a) the 
ability of NPs to nucleate Mg grains during recrystallization and (b) restriction in the grain growth 
of pure Mg due to grain boundary pinning by NPs.  The fundamental principle behind the ability 
of ultrafine particulates within the metal matrix to nucleate recrystallized grains and inhibit grain 
growth has been established already [3, 8]. 
Table 8.3:  Results of microstructure and microhardness studies. 





1 Mg 25.5±2 1.25±0.2 53±1 
2 Mg0.58TiN 23±2.5 (↓9%) 1.81±0.1
56±1.5 
(↑6%) 
3 Mg0.97TiN 15±2.5 (↓41%) 1.28±0.2
60±1.5 
(↑13%) 
4 Mg1.98TiN 13±3.5 (↓49%) 1.32±0.4
65±2.5 
(↑23%) 
5 Mg 2.5 TiN 11±3.5 (↓57%) 1.35±0.4
67±3 
(↑26%) 
8.2.4 Coefficient of Thermal Expansion (CTE) 
The CTE values of the synthesized pure Mg and Mg-TiN nanocomposites measured in the 
temperature range of 50 to 400 °C (Table 8.1) reveal that the average CTE values of the 
nanocomposites decreases with the addition of TiN NPs and thereby contributing more to the 
dimensional stability of pure Mg.  Mg 2.5 vol. % TiN nanocomposite exhibited a minimum CTE 
value of ~ 22.61 x 10-6/K which is ~ 16% lower than that of pure Mg (27 x 10-6/K). 
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     (a)                                        (b) 
           
                                         (c)                                                              (d) 
 
(e) 
Figure 8.2:  Microscopic images showing grain characteristics of: (a) pure magnesium, 
(b) Mg0.58TiN, (c) Mg0.97TiN, (d) Mg1.98TiN and (e) Mg 2.5 TiN. 
8.2.5 Microhardness test  
The hardness values of pure Mg was found to increase with the addition of TiN NPs (Table 8.3) 
and Mg 2.5 vol. % TiN exhibited a maximum hardness value of ~ 67 HV which is ~ 26% greater 




      
(a)     (b) 
      
(c)     (d) 
       
    (e)     (f)    
    
   `     
    (g)     (h) 
Figure 8.3: Distribution of TiN NPs in the case of (a) Mg 0.58 TiN, (c) Mg 0.97 TiN, (e) Mg 1.98  
     TiN, (g) Mg 2.5 TiN and interfacial integrity of Mg-TiN in the case of (b) Mg 0.58 TiN,      
        (d) Mg 0.97 TiN, (f) Mg 1.98 TiN and (h) Mg 2.5 TiN, respectively.      
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The increase in the hardness values of pure Mg with the addition of TiN NPs is due to: (a) presence 
of high hardness TiN NPs (~ 24 GPa) that serves as a constraint to localized plastic deformation 
of Mg matrix, and (b) reduction in grain size (Figure 8.2). 
Table 8.4: Results of room temperature tensile testing of Mg-TiN nanocomposites. 









Pure Mg 107±5 167±7 10±1 14±2 




























                
Figure 8.4: Stress-Strain curve of Mg-TiN nanocomposites under tensile loading. 
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8.2.6 Tensile properties 
The room temperature tensile properties of pure Mg and Mg-TiN nanocomposites and their 
representative stress-strain curves are shown in Table 8.4 and Figure 8.4, respectively.  The tensile 
strength properties of pure Mg was found to increase with the addition of ≥ (greater than or equal 
to) 0.97 vol. % TiN NPs and Mg 2.5 vol. % TiN exhibited the maximum 0.2% tensile yield strength 
(0.2% TYS) and ultimate tensile strength (UTS) of ~ 135 MPa and ~ 196 MPa, respectively, which 
is ~ 26% and ~ 17% greater than that of pure Mg.  The tensile fracture strain of pure Mg was found 
to increase with up to 1.98 vol. % TiN (to ~ 15%) and with further addition (2.5 vol. %), the 
fracture strain value of pure Mg decreased to 10.6%.  Further, due to simultaneous improvements 
in the 0.2 % TYS, UTS and tensile fracture strain values of pure Mg observed with the addition of 
up to 1.98 vol. % TiN NPs, significant increase in the energy absorbed (EA) until failure under 
tensile loading is noticed indicating improvement in their damage tolerant capabilities.  Among 
the synthesized materials, Mg 1.98 vol. % TiN nanocomposite exhibited the maximum EA value 
of ~ 26 MJ/m3 which is ~ 85% greater than that of pure Mg.      
Table 8.5:  Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted 
























91.00 36.83 58.38 202.21 176.03 
0.97 112.00 46.25 72.30 225.55 192.83 
1.98 130.00 65.09 77.65 249.74 208.32 




Figure 8.5: Experimental and predicted TYS of Mg-TiN nanocomposites. 
The individual contributions of major strengthening mechanisms such as Orowan and Hall-Petch 
strengthening (Eqs. (2.2) to (2.4)) and theoretical tensile yield strength (TYS) of Mg-TiO2 
nanocomposites predicted using the summation of strengthening contributions and modified Clyne 
models calculated utilizing Eqs. (2.11) to (2.13) is shown in Table 8.5.  Figure 8.5 shows the 
experimental and predicted TYS of Mg-TiN nanocomposites.  It is observed that σModified-Clyne or 
modified Clyne model is in closer agreement with the experimental 0.2% TYS of Mg-TiN 
nanocomposites.  The fracture surfaces of Mg-TiN nanocomposites are discussed with 
representative fractograph images after tensile loading as shown in Figure 8.6.  For all pure Mg 
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and Mg-TiN nanocomposites, a typical cleavage mode of fracture is observed which indicates that 
the fracture behavior of Mg-TiN materials is greatly controlled by pure Mg matrix.   
         
     (a)      (b) 
         
      (c)      (d) 
 
              (e) 
Figure 8.6:  Fractographs of (a) Pure Mg, (b) Mg 0.58 TiN, (c) Mg 0.97 TiN, (d) Mg 1.98 TiN 




8.2.7 Compression properties 
The room temperature compression properties of pure Mg and Mg-TiN nanocomposites and their 
representative stress-strain curves are shown in Table 8.6 and Figure 8.7, respectively.  The 
compression strength properties of pure Mg was found to increase with the addition of up to 1.98 
vol. % TiN NPs and Mg 1.98 vol. % TiN nanocomposite exhibited the maximum 0.2% 
compressive yield strength (0.2% CYS) and ultimate compressive strength (UCS) of ~ 103 MPa 
and ~ 385 MPa, respectively,  which is ~ 28% and ~ 11% greater than that of pure Mg.  With 
further addition of TiN NPs (2.5 vol. %), the 0.2% CYS and UCS of the nanocomposite was found 
to decrease. Mg-TiN nanocomposites exhibited higher compressive fracture strain values (~ 21%) 
when compared to that of pure Mg (~ 18.5%).  The increase in the strength properties of Mg-TiN 
nanocomposites under compression is due to the contribution of (a) Orowan strengthening due to 
the presence of TiN NPs and (b) reduction in the grains size of pure Mg with TiN NPs addition 
contributing to Hall-Petch strengthening.  Further, the energy absorbed (EA) until failure under 
compressive loading of pure Mg was found to increase due to the presence of TiN NPs and Mg 
0.97 TiN nanocomposite exhibited a maximum EA value of ~ 43 MJ/m3 which is ~ 15% greater 
than that of pure Mg. 
  The fracture surfaces of Mg-TiN nanocomposites are discussed with representative 
fractograph images after compressive loading as shown in Figure 8.8.  It is observed that failure 
in pure Mg and Mg-TiN nanocomposites occurred at 45° with respect to the compression loading 
axis and their representative fractographs indicate presence of shear bands.    
 
 




Figure 8.7:  Stress-Strain curve of Mg-TiN nanocomposites under compression loading. 

















































(a)                 (b) 
        
  (c)     (d) 
     
           (e) 
Figure 8.8:  Fractographs of (a) Pure Mg, (b) Mg 0.58 TiN, (c) Mg 0.97 TiN, (d) Mg 1.98 TiN  
and (e) Mg 2.5 TiN under compressive loading. 
 
Table 8.7 shows the TCA values of Mg-TiN nanocomposites.  It is observed that with addition of 
up to 1.98 vol. % TiN, TCA value of Mg-TiN nanocomposites was found to decrease and Mg 0.58 
TiN exhibited a minimum TCA value of ~ 1.09.  Weakening of strong basal texture of pure Mg 
which allows non-basal cross slip to occur is possible in the case of Mg (0.58, 0.97 and 1.98) vol. 
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% TiN nanocomposites and under tensile loading, only marginal improvement in the 0.2% TYS is 
possible.  For this reason, the 0.2% TYS of Mg 0.58 TiN was found to be ~ 91 MPa which is ~ 
15% lower than that of pure Mg exhibiting a higher tensile fracture strain value of ~ 15%.  Among 
the Mg-TiN nanocomposites, Mg (0.58, 0.97 and 1.98) vol. % TiN exhibited the maximum tensile 
fracture strain values of ~ 14 to 15%.  With further addition of TiN NPs (2.5 vol. %), the TCA 
value of pure Mg was found to increase to 1.64 which is representative from its tensile fracture 
strain value of only ~ 10.6% similar to that of pure Mg (~ 10%).    






Pure Mg 107±5 80.4±2.5 1.33 















Mg 2.5 TiN 135±8 
 82±3 
1.64 
             
8.3 Conclusions 
The following are the primary conclusions of the present study: 
a) Utilizing the adopted synthesis methodology (disintegrated melt deposition technique 
followed by hot extrusion), near dense Mg nanocomposites containing low volume fraction 
TiN can be synthesized.  It is observed that with marginal increase in the density of pure 
Mg, the presence of TiN NPs significantly improve its mechanical properties.   
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b) Microstructural characterization indicate significant grain refinement of pure Mg with the 
addition of TiN NPs and Mg 2.5 vol. % TiN exhibited a minimum grain size of ~ 11 μm 
which is 57% lower than that of pure Mg.   
c) Microhardness values of pure Mg increases with the addition of TiN NPs and Mg 2.5 vol. 
% TiN exhibited the maximum hardness value of ~ 67 HV which is 26% greater than that 
of pure Mg.   
d) Room temperature tensile properties of Mg-TiN nanocomposites indicate increase in the 
strength properties of pure Mg with addition of ≥ (greater than or equal to) 0.97 TiN NPs.  
Mg 2.5 vol. % TiN nanocomposites exhibited the maximum 0.2%TYS and UTS of ~ 135 
MPa and ~ 196 MPa, respectively which are ~ 26% and ~17% greater than that of pure 
Mg.   
e) X-Ray diffraction studies indicated that addition of up to 1.98 vol. % TiN NPs has the 
ability to modify the basal texture of hot extruded pure Mg.  The tensile fracture strain 
values of pure Mg was found to increase with up to 1.98 vol. % TiN NPs addition and Mg 
(0.58, 0.97, 1.98) vol. % TiN exhibited the maximum tensile fracture strain values of ~ 
15%.  With further addition of TiN NPs (2.5 vol. %), strong basal texture of pure Mg was 
observed and the tensile fracture strain values of Mg 2.5 vol. % TiN was found to decrease 
to ~ 10.5% which was similar to that of pure Mg.   
f) Room temperature compression properties of Mg-TiN nanocomposites indicate that with 
the addition of up to 1.98 vol. % TiN the 0.2% CYS, UCS and compressive fracture strain 
values of pure Mg was found to increase.  Mg 1.98 vol. % TiN exhibited the highest 
0.2CYS, UCS and compressive fracture strain values of ~ 103 MPa, ~ 385 MPa and ~ 21%, 
respectively which are ~ 28%, ~ 11% and ~ 7% greater than that of pure Mg.  With further 
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addition of TiN (2.5 vol. %) NPs, the compression strength properties were found to 
decrease with 0.2%CYS and UCS of ~ 82 MPa and ~ 342 MPa, respectively.   
g) Further, addition of up to 1.98 vol. % TiN NPs aids in minimizing the TCA value of pure 
Mg and Mg (0.58 and 0.97) TiN exhibited the minimum TCA value of ~ 1.10.         
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Effects of primary processing techniques 
and significance of Hall-Petch 
strengthening on the mechanical response 
of magnesium metal matrix composites 
containing titanium dioxide 
nanoparticulates 
9.1 Introduction 
For simultaneous improvement in the strength and ductility of NPs reinforced MMCs, 
activation of Orowan strengthening mechanism is critical since the ductility of MMCs is not 
compromised during the strengthening when compared to strengthening by Forest and Taylor 
mechanisms [1].  Orowan strengthening depends on the following factors: (a) size of the NPs, 
(b) quantity of the NPs and (c) interparticulate spacing between the NPs within the metal 
matrix.  Apart from the size and quantity of the NPs, interparticulate spacing is greatly 
controlled by the type of synthesis technique utilized to uniformly disperse the NPs within the 
metal matrix.  The synthesis techniques or processing methods for fabrication of Mg 
composites can be classified into the following categories [2]: (1) liquid-phase methods where 
the particulate reinforcements are added into liquid Mg metal matrix  and (2) solid-phase 
methods where the synthesis of composites are done at a temperature below the solidus 
temperature of the Mg metal matrix phase.  Cost effective solidification processes which enable 
efficient dispersion of NPs and blend-press-sinter powder metallurgy techniques are essentially 
important liquid and solid phase processing routes, respectively, for synthesizing high 
performance NPs reinforced Mg MMCs.   
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 The results of the literature search reveal that no attempt is made to study the effects of 
primary processing techniques such as disintegrated melt deposition (liquid-phase synthesis) 
and powder metallurgy technique (solid-phase synthesis) on the microstructure and mechanical 
properties of TiO2 reinforced Mg nanocomposites.  Accordingly, in the present study, Mg 
matrix reinforced with (1.98 and 2.5) vol. % TiO2 NPs are primarily synthesized utilizing 
blend-press-sinter powder metallurgy technique.  The hot extruded nanocomposites were then 
characterized for their physical, microstructural and mechanical properties and compared to 
that of DMD synthesized Mg-TiO2 nanocomposites.  Particular emphasis of this study is to 
analyze the effects of synthesis on the interparticulate spacing between the NPs within the Mg 
metal matrix.  Using the experimentally observed interparticulate spacing between the NPs, the 
actual contribution of Orowan strengthening to the theoretically predicted tensile yield strength 
(TYS) of Mg-TiO2 nanocomposite is ascertained.  The major strengthening contributions to the 
TYS of the Mg-TiO2 nanocomposite synthesized by both DMD and PM techniques are 
compared and analyzed.   
9.2 Results and discussion 
9.2.1 Density and porosity measurements 
The experimental density (ρexp) of Mg materials measured by utilizing Archimedes principle 
(Table 9.1) was found to be closer to that of their calculated theoretical density (ρtheo).  With 
addition of TiO2 NPs, only a marginal increase in the density values of pure Mg was observed 
and Mg 2.5 vol. % TiO2 nanocomposite synthesized by DMD technique exhibited a maximum 
experimental density of ~ 1.8 g/cm3 which is ~ 3.5% greater than that of pure Mg (1.74 g/cm3).  
The porosity value of pure Mg was found to increase with the addition of TiO2 reinforcements 
and among the synthesized Mg materials, the PM (solid-phase) processed materials were found 
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to possess higher porosity with Mg 2.5 vol. % TiO2 nanocomposites exhibiting the maximum 
of ~ 0.3%.   
9.2.2 X-ray diffraction (XRD) studies 
Figure 9.1 shows the X - ray diffractograms of TiO2 nanopowder and Mg-TiO2 nanocomposite 
samples synthesized utilizing both DMD and PM techniques obtained from the transverse and 
longitudinal sections of the hot extruded samples.  The high intensity Mg peaks were 
prominently seen and the peaks corresponding to TiO2 were not visible in the synthesized Mg-
TiO2 nanocomposites which is due to the limitation of filtered X-ray to detect phases with low 
volume fraction [3].  However, the presence of TiO2 NPs in both DMD and PM synthesized 
Mg-TiO2 nanocomposites can be confirmed through microstructural characterization.  Similar 
results were observed with the XRD studies of DMD synthesized Mg-TiC [4], Mg-TiB2 [5] 
and PM synthesized Mg-Y2O3 [6, 7]  nanocomposites.     
Table 9.1: Density and CTE measurements of pure magnesium and Mg-TiO2  
       nanocomposites synthesized by DMD and PM techniques. 
 
Material Synthesis  




6/K] Wt. % Vol. % 
Theoretical Experimental 
Mg 
DMD nil nil 
1.7400 
1.7380 0.1150 27 
PM nil nil 1.7377 0.1322 24.72 
Mg1.98 
TiO2 
DMD 4.67 1.98 
1.7923 
1.7895 0.1563 26.6 
PM 4.67 1.98 1.7880 0.2400 24.53 
Mg 2.5 
TiO2 
DMD 5.87 2.50 
1.8023 
1.799 0.1832 26.5 
PM 5.87 2.50 1.7965 0.3220 24.42 
 
With the addition of TiO2 NPs, changes in the basal plane intensity of pure Mg were clearly 
observed.  The ratio of maximum XRD intensity to the respective (101ത0) prismatic, (0002) 
basal and (101ത1) pyramidal planes of synthesized pure Mg and Mg-TiO2 nanocomposites 
indicated as X,Y and Z at 2θ = 32°, 34° and 36°, respectively (in Figure 9.1),  taken along both 
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the transverse and longitudinal sections of hot extruded samples (prior to tensile and 
compression testing) is shown in Table 9.2.  Along the transverse section (perpendicular to the 
extrusion direction), the intensity corresponding to the basal plane of pure Mg observed with 
the DMD and PM synthesized Mg nanocomposite samples was found to be higher than that of 
respective pure Mg samples and this is due to the presence of ultrafine TiO2 reinforcements.  
Further, the intensity corresponding to prismatic plane (2θ = 32°) was found to be the maximum 
for all the synthesized Mg materials indicating that any of the prismatic plane is perpendicular 
to the extrusion direction [4, 5, 8].   
 Along the longitudinal section (parallel to the extrusion direction), the XRD of hot 
extruded pure Mg exhibits strong basal texture having maximum intensity corresponding to the 
basal plane (at 2θ = 34°).  The dominance of basal plane intensity in the extruded pure Mg 
samples was observed indicating that most of the basal planes are parallel to the extrusion 
direction, which is commonly found in wrought Mg materials [4, 5, 9].  Irrespective of the 
synthesis technique, with 1.98 vol. % TiO2 NPs addition, the intensity corresponding to the 
basal plane of pure Mg was found to decrease indicating that the basal planes are no longer 
parallel to the extrusion direction and PM synthesized Mg 1.98 vol. % TiO2 nanocomposite 
exhibited Ibasal/Imax value as low as 0.655.  With further addition of NPs (2.5 vol. % TiO2), the 
dominance of basal plane intensity of pure Mg was observed exhibiting Ibasal/Imax values of 1 
and 0.844 in the case of DMD and PM synthesized Mg 2.5 vol. % TiO2 nanocomposites, 
respectively.  It is found that irrespective of the synthesis technique, critical amount of TiO2 
NPs (1.98 vol. % ) contribute significantly to the weakening of basal texture of pure Mg.        
9.2.3 Microstructure 
The results of grain size measurements conducted on the optical micrographs of DMD and PM 
synthesized pure Mg and Mg (1.98 and 2.5) vol. % TiO2 nanocomposites (Figure 9.2) are 
shown in Table 9.3.  The grain size of both DMD and PM synthesized hot extruded pure Mg 
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decreased with the addition of TiO2 NPs.  Among the synthesized Mg materials, DMD 
processed Mg 2.5 vol. % TiO2 nanocomposite exhibited the lowest grain size of ~ 21 μm which 
is ~ 47% lower than that of pure Mg.  The minimum interparticulate spacing (λ) observed 
between the TiO2 NPs within the Mg metal matrix and their representative micrographs are 
shown in Table 9.4 and Figure 9.3, respectively.  It is observed that the measured value of λ 
for DMD synthesized Mg (1.98 and 2.5) vol. % TiO2 nanocomposites was found to be lesser 
than that of respective PM synthesized Mg-TiO2 nanocomposites. 
  During recrystallization, the presence of second phase ultrafine reinforcements inhibits 
grain growth more significantly when compared to the larger reinforcements [10].  The grain 
size of pure Mg was found to decrease with the addition of TiO2 NPs suggesting: (a) the ability 
of ultrafine TiO2 NPs to effectively act as nucleation site and (b) inhibiting grain growth by 
inducing grain boundary pinning. The fundamental principle behind the ability of fine 
inclusions within the metal matrix to nucleate recrystallized grains and to inhibit grain growth 
has been established already [11, 12].  Reasonable distribution of reinforcements within the 
metal matrix is possible when a large deformation load is applied in secondary processing [13].  
The interparticulate spacing between the TiO2 NPs within the Mg matrix measured for the 
synthesized Mg-TiO2 nanocomposites indicated more effective distribution in the case of DMD 
synthesized Mg nanocomposites (Figure 9.3).  The initial distribution of NPs in PM processed 
Mg-TiO2 nanocomposites depend only on the blending parameters whereas, in the case of 
DMD, it depends on: (a) arrangement of TiO2 NPs and Mg turnings within the crucible prior 
to heating, (b) vigorous stirring [14]  with judicial selection of stirring time and stirring speed 
based on the density difference between the Mg and reinforcement and (c) disintegration of the 





Table 9.2:    X Ray Diffractogram results of as extruded Mg-TiO2 nanocomposites  
synthesized by DMD and PM techniques.  
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*T and L represents XRD taken along transverse and longitudinal sections of Mg-TiO2 
samples.Imax is the maximum XRD intensity from either prism, basal and pyramidal plane. I 
is the XRD intensity from prismatic, basal and pyramidal plane of pure Mg and the intensity 




X, Y, Z represent 2θ = 32°, 34° and 36° corresponding to  (1 01	ഥ0) prism, (0 0 0 2) basal and (1 0	1ത 1) pyramidal planes respectively. 
Figure 9.1.  X- Ray diffractograms of TiO2 nanopowder, pure Mg and Mg-TiO2 nanocomposites synthesized by DMD (1(a) and 1(b)) and PM   







9.2.4 Coefficient of thermal expansion (CTE) 
The CTE values of Mg materials primarily synthesized by both DMD and PM techniques measured in 
the temperature range of 50-400 °C (Table 9.1) revealed that the average CTE values of pure Mg 
decreased with the addition of TiO2 NPs.  Even though the CTE values of PM synthesized Mg materials 
were found to be lower, when compared to DMD synthesized Mg-TiO2 nanocomposites, the presence 
of TiO2 NPs within the Mg matrix processed by PM technique did not contribute much to the decrease 
in the CTE values of pure Mg.  In the case of DMD synthesized Mg materials, the CTE values of Mg 
(1.98 and 2.5) TiO2 nanocomposites were ~ 1.48% (26.6 x 10-6/K) and ~ 1.85% (26.5 x 10-6/K) lower 
than that of pure Mg (27 x 10-6/K) contributing relatively more to its dimensional stability when 
compared to that of PM synthesized Mg-TiO2 nanocomposites exhibiting a maximum decrease of only 
~ 1.21% (24.42 x 10-6/K) observed with Mg 2.5 vol. % TiO2 nanocomposite. 
9.2.5 Microhardness 
The hardness values of both DMD and PM synthesized pure Mg increased with the addition of TiO2 
NPs (as shown in Table 9.3).  When compared to PM synthesized Mg-TiO2 nanocomposites, the 
hardness values of DMD synthesized Mg nanocomposites were higher and a maximum of ~ 68 Hv which 
is ~ 30% greater than that of pure Mg was observed in the case of DMD synthesized Mg 2.5 vol. % TiO2 
nanocomposite and thereby exhibiting higher constraint to localized plastic deformation. This increase 
in the microhardness values may be attributed to: (a) uniform distribution of TiO2 NPs with minimal 
agglomeration within the Mg matrix, (b) higher constraint to localized plastic deformation due to the 
presence of high hardness TiO2 NPs (700 Hv) and (c) reduced grain size.  Among the synthesized Mg 
materials, DMD synthesized Mg 2.5 vol. % TiO2 nanocomposite exhibited higher hardness values of ~ 
68 Hv due to the combination of more finer grains and relatively more uniform distribution of TiO2 NPs 
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9.2.6 Tensile properties 
The room temperature tensile properties of pure Mg and Mg (1.98 and 2.5) vol. % TiO2 nanocomposites 
synthesized by both DMD and PM techniques and their representative stress-strain curves are shown in 
Table 9.5 and Figure 9.4, respectively.  Among the synthesized Mg materials, PM synthesized Mg 1.98 
vol. % TiO2 nanocomposite exhibited the maximum tensile fracture strain of ~ 14.5% which is ~ 55% 
greater than that of pure Mg.  With further addition of TiO2 NPs (2.5 vol. %), significant decrease in the 
tensile fracture strain of pure Mg by ~ 30% was observed.  When compared to pure Mg, PM synthesized 
Mg nanocomposites further exhibited inappreciable changes in the values of 0.2% tensile yield strength 
(0.2% TYS) and decrease in ultimate tensile strength (UTS) by ~ 5 %.  But, in the case of DMD 
synthesized Mg-TiO2 nanocomposites, increase in the 0.2% TYS and UTS of pure Mg with the addition 
of TiO2 NPs was observed exhibiting a maximum increase of ~ 37% and ~ 9%, respectively, for Mg 2.5 
vol. % TiO2 nanocomposite.  Among the DMD synthesized Mg materials, Mg 1.98 vol. % TiO2 
nanocomposite exhibited the maximum tensile fracture strain of ~ 11.5% which is ~ 49% greater than 
that pure Mg [8].  With further addition of TiO2 NPs (2.5 vol. %), the tensile fracture strain of DMD 
synthesized pure Mg decreased to ~ 10% [8].  The energy absorbed (EA) until failure under tensile 
loading of both DMD and PM synthesized Mg nanocomposites increased with 1.98 vol. % TiO2 NPs 
exhibiting a maximum of ~ 18 MJ/m3 and ~ 17.5 MJ/m3, respectively.  Further for activation of Orowan 
160 
 
strengthening, synthesis methodologies play a vital role in controlling the interparticulate spacing for 
avoiding clustering of particulate reinforcements within the metal matrix.   
               
2(a)                                                         2(d) 
                                   
2(b)                                                                       2(e) 
                                
   2(c)              2(f) 
 
Figure 9.2: Microscopic images showing grain characteristics of: DMD synthesized (a) pure  
Magnesium, (b) Mg 1.98 TiO2  (c) Mg 2.5 TiO2 and PM synthesized (d) Pure Mg, (e) Mg 
1.98 TiO2 and (f) Mg 2.5 TiO2. 
 
Table 9.4 shows the theoretically predicted and experimentally observed interparticulate spacing of TiO2 
NPs within the synthesized Mg-TiO2 nanocomposites.  It is observed that by utilizing the adopted 
synthesis techniques (DMD and PM), the interparticulate spacing observed through microstructural 




Table 9.4: Effect of interparticulate spacing between the TiO2 NPs in the Mg matrix on the  
                  Orowan Strengthening  
 
Material Synthesis 
Interparticulate spacing [m] σOrowan[MPa] 
λTheoretical λobserved 
 Theoretical Experimental





































*Theoretical and experimental values of interparticulate spacing between the TiO2 NPs (λ) are utilized 
to calculate Orowan strengthening contribution (σOrowan) using Orowan-Ashby equation [15].   
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Figure 9.3:Distribution of TiO2 nanoparticulates in Mg-TiO2 composites: DMD synthesized 
(a) Mg1.98TiO2, (b) Mg2.5TiO2 and PM synthesized (c) Mg1.98TiO2 (d) Mg2.5TiO2   &   
interfacial integrity of Mg-TiO2 in the case of DMD synthesized 










             (a) 
 
             (b) 
Figure 9.4: Stress–Strain curves of (a) DMD and (b) PM synthesized pure Mg and  
                   Mg-TiO2 nanocomposites during tensile loading. 
 
From microstructural characterization, the contribution of Orowan strengthening calculated by using the 
observed λ values for both DMD and PM processed nanocomposites indicate that the strengthening is 
almost negligible.  Owing to the insignificance of Orowan strengthening, both the summation of 
strengthening and modified Clyne models reduce to the below Eq. (9.1) which indicates that the TYS of 
Mg-TiO2 MMNCs predominantly depends only on the	ߪு௔௟௟ି௉௘௧௖௛. 
 ߪ ൌ ߪெ௚ ൅ ߪு௔௟௟ି௉௘௧௖௛ (9.1)
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Table 9.6:  Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted  
values of TYS of Mg nanocomposites synthesized by DMD and PM techniques  




























92±5 102±3  62 58.3 212.2 177.0 150.3 
PM 89±4 88±10  62 52.9  170.5 142.0 
DMD  
2.50 
92±5 124±8.8  70 61.1 223.04 185.0 153.1 
PM 89±4 91.1±5  70 56 215.00 178.6 145.0
 
The individual contributions of major strengthening mechanisms such as Orowan and Hall-Petch 
strengthening (Eqs. (2.2) to (2.4)) and theoretical tensile yield strength (TYS) of Mg-TiO2 
nanocomposites synthesized by DMD and PM techniques are predicted using the summation of 
strengthening contributions and modified Clyne models calculated utilizing Eqs. (2.11) to (2.13) 
and is shown in Table 9.6.  Figure 9.5 shows the experimental and predicted TYS values of DMD 
and PM synthesized Mg-TiO2 nanocomposites.  It is observed that the experimental 0.2% TYS 
values are found to be in closer agreement with the predicted TYS considering only Hall-Petch 
strengthening (Eq. 9.1). 
Limited increase in the 0.2% TYS of pure Mg (particularly with 1.98 vol.% TiO2) and  
changes in its tensile fracture strain with the addition of TiO2 NPs is due to: (a) induced textural 
changes of pure Mg due to the presence of NPs (Table 9.2 and Figure 9.1) [4, 5, 8, 16] and (b) 
distribution or agglomeration of TiO2 NPs within the Mg matrix.  From the XRD studies (Table 
9.2), the ratio of Ibasal/Imax value measured along longitudinal sections of DMD and PM synthesized 
Mg 1.98 vol. % TiO2 nanocomposite samples are ~ 0.751 and ~ 0.655, respectively.   






Figure 9.5: Experimental and predicted TYS values of (A) DMD and (B) PM synthesized 






   
      
(a)           (b) 
      
                                                                          (c) 
    
Figure 9.6: Fractographs after tensile loading of PM synthesized (a) pure Mg, (b)  
Mg1.98TiO2 and (c) Mg2.5TiO2.         
 
The decrease in the basal plane intensity of pure Mg indicates non-basal cross-slip activation in 
PM synthesized pure Mg due to the presence of 1.98 vol. % TiO2 NPs which is evident from its 
maximum tensile fracture strain value of ~ 14.5% when compared to that of DMD synthesized Mg 
1.98 vol. % TiO2 nanocomposite (~ 11.5%).  Relatively lower tensile fracture strain in DMD 
synthesized Mg 2.5 vol. % TiO2 nanocomposite is due to the dominance of basal texture with 
increase in the ratio of I/Imax corresponding to the basal plane intensity (I/Imax = 1) measured along 
its longitudinal section.  Significant decrease in the tensile fracture strain of PM synthesized Mg 
2.5 vol. % TiO2 nanocomposite is due to the combined effect of (a) visible agglomeration sites of 
TiO2 NPs within Mg matrix and (b) increase in the ratio of (Ibasal/Imax) measured along the 
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longitudinal sections to 0.844.  The mathematical models available in the literature over predict 
the TYS of Mg MMCs.  For effective design of Mg-MMCs containing NPs, texture effects and 
effectiveness of synthesis methodologies to disperse the NPs within the Mg metal matrix through 
careful microstructural investigation may have to be considered for more realistic prediction of 
TYS.  For all DMD synthesized pure Mg and nanocomposite samples, typical cleavage mode of 
fracture was observed (Chapter6, Figure 6.6).  Figure 9.6 shows the tensile fracture surfaces of 
PM synthesized pure Mg and Mg (1.98 and 2.5) vol. % TiO2 nanocomposite.  Fracture surfaces of 
PM synthesized pure Mg and Mg 2.5 vol. % TiO2 samples (Figure 9.6 (a) and (c)) indicate 
microscopically rough features with cleavage steps highlighting brittle failure.  In the case of PM 
synthesized Mg 1.98 vol. % TiO2, fractograph indicates mixed mode of failure with dimple like 
features thereby indicating possibilities of enhanced plastic deformation of Mg matrix.          
9.2.7 Compression properties 
The room temperature compression properties of DMD and PM synthesized Mg (1.98 and 2.5) 
vol. % TiO2 nanocomposites and their representative stress-strain curves are shown in Table 9.7 
and Figure 9.7, respectively.  In the case of PM synthesized Mg 1.98 vol. % TiO2 nanocomposites, 
the 0.2% compressive yield strength (0.2% CYS) and compressive fracture strain of pure Mg 
increased to ~ 90 MPa and ~ 25%, respectively which are ~ 18% and ~ 26% greater than that of 
pure Mg.  With further addition of TiO2 NPs (2.5 vol. %), the 0.2% CYS and fracture strain 
decreased to ~ 81 MPa and ~ 24%, respectively.  But, in the case of DMD synthesized Mg-TiO2 
nanocomposites, both the 0.2% CYS and fracture strain increased with the addition of TiO2 NPs 
with a maximum increase of ~ 83% (~ 101 MPa) and 33% (~ 22%), respectively was observed for 
2.5 vol. % TiO2 NPs addition.  But, the ultimate compressive strength (UCS) of both PM and DMD 
synthesized Mg-TiO2 nanocomposites was found to be lower than that of synthesized pure Mg.  
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The energy absorbed (EA) until failure under compression loading of both DMD and PM 
synthesized Mg nanocomposites increased with the addition of TiO2 NPs and among the 
synthesized Mg materials PM synthesized Mg 1.98 vol. % TiO2 nanocomposites exhibited the 
maximum EA value of ~ 46 MJ/m3 which is ~ 37% greater than that of pure Mg. 
     Table 9.7: Results of room temperature compression testing of Mg-TiO2 nanocomposites. 
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The increase in the 0.2% CYS of pure Mg observed with PM synthesized 1.98 vol. % TiO2 
nanocomposites and DMD synthesized Mg-TiO2 nanocomposites is due to the significant grain 
refinement of Mg materials contributing to the Hall-Petch strengthening.  When compared to 1.98 
vol. % TiO2 NPs addition, the decrease in the compression properties of PM synthesized pure Mg 
with addition of 2.5 vol. % TiO2 NPs is due to the presence of agglomeration sites visible through 
microstructural analysis.  Further, the decrease in the UCS of pure Mg observed in Mg-TiO2 
nanocomposites may be due to the poor load bearing capabilities of low volume fraction NPs 
within the Mg matrix.  The fracture surfaces of DMD synthesized pure Mg and Mg-TiO2 
nanocomposites are discussed (with representative fractographs after compressive loading) in 
Chapter 6, Figure 6.8.  Figure 9.7 shows the fracture surfaces of the PM synthesized pure Mg and 
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Mg-TiO2 nanocomposites under compressive loading.  Similar to the DMD synthesized Mg-TiO2 
nanocomposites, fracture in pure Mg and Mg-TiO2 nanocomposite occurred 45° with respect to 
the compression loading axis and their representative fractographs indicate presence of shear 
bands. 
                 
         (a)        (b) 
                                            
                                                (c)                      
Figure 9.7: Fractographs after compressive loading of PM synthesized (a) pure Mg, (b)    
                    Mg1.98TiO2 and (c) Mg2.5TiO2.  
 
The TCA values of PM and DMD synthesized pure Mg and Mg-TiO2 nanocomposites are shown 
in Table 9.8.  The TCA values of both DMD and PM synthesized Mg-TiO2 nanocomposites is 
found to be lesser than that of pure Mg.  Further, minimum TCA values of ~ 1.17 and ~ 1.06 in 
the case of both DMD and PM synthesized Mg 1.98 vol. % TiO2 nanocomposites exhibiting 
maximum tensile fracture strain of ~ 11.5% and ~ 14.5%, respectively was observed.  This is due 
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to the non-basal cross-slip activation which is further confirmed through XRD studies (Table 9.2) 
as discussed under section 9.2.2.    
Table 9.8: Room temperature tensile – compression asymmetry (TCA) of the synthesized 




























































 In the present study, near dense pure Mg and Mg (1.98 and 2.5) vol. % TiO2 nanocomposites are 
successfully synthesized using blend-press-sinter technique (solid-phase synthesis) with Mg 2.5 
vol. % TiO2 nanocomposite exhibiting a maximum porosity of 0.32%.  The microstructural and 
mechanical properties of the PM synthesized nanocomposites are compared to that of the DMD 
(liquid-phase synthesis) synthesized Mg-TiO2 nanocomposites and the following primary 
conclusions are made:  
a) Grain size of both DMD and PM synthesized pure Mg decreases with the addition of TiO2 
NPs contributing to the Hall-Petch strengthening.  For the same volume fraction addition 
of TiO2 NPs, when compared to PM technique, grain refinement in DMD synthesized pure 
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Mg is found to be more significant with ~ 40% and ~ 47% for (1.98 and 2.5) vol. % TiO2 
NPs addition, respectively.  
b) Presence of TiO2 NPs in pure Mg increases the microhardness values with DMD 
synthesized pure Mg exhibiting a maximum improvement in the hardness values of ~ 25% 
and ~ 30% for (1.98 and 2.5) vol. % TiO2 NPs additions, respectively.   
c) For designing of NPs reinforced Mg MMCs, critical selection on particulate size and 
volume fraction addition of NPs along with effectiveness of the adopted synthesis 
methodology to activate Orowan strengthening through achieving more uniform 
distribution of NPs has to be studied.  The results of microstructural characterization for 
investigating the minimum interparticulate spacing between the TiO2 NPs indicate that 
DMD synthesis is relatively more effective in the dispersion of TiO2 NPs with minimal 
agglomeration of TiO2 NPs.  But, for both the synthesis techniques, the contribution of 
Orowan strengthening theoretically calculated utilizing the observed interparticulate 
spacing within the Mg matrix of the synthesized Mg-TiO2 nanocomposite is found to be 
insignificant indicating absence of Orowan strengthening in Mg-TiO2 nanocomposites.   
d) Among the mechanisms contributing to the strength of Mg MMNCs, Hall Petch 
strengthening is found to be the only significant mechanism with ߪெ௚ ൅	ߪு௔௟௟ି௉௘௧௖௛ ((Eq. 
9.1)) (Hall-Petch) model in closer agreement with the experimental 0.2% TYS of both 
DMD and PM synthesized nanocomposites.   
e) Under tensile loading, the strength improvement was more noticeable in Mg-TiO2 
nanocomposites synthesized through liquid-phase synthesis (DMD technique).  PM 
synthesized Mg 1.98 vol. % TiO2 exhibited a maximum tensile fracture strain (~ 14.5%) 
along with inappreciable changes in the 0.2% TYS.  When compared to DMD synthesized 
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Mg-TiO2 nanocomposites, the increase in the tensile fracture strain of PM synthesized Mg 
1.98 vol. % TiO2 is due to the activation of non-basal cross-slip which is confirmed from 
the XRD studies and TCA values. 
f) Under compression loading, the 0.2% CYS of PM synthesized pure Mg was found to 
increase with the addition of 1.98 vol. % TiO2 NPs by ~ 18% (~ 90 MPa) and further 
addition of 2.5 vol. % lead to decrease (~ 81MPa) in the 0.2% CYS.  The UCS of both the 
DMD and PM synthesized pure Mg decreased with the addition of TiO2 NPs.  Maximum 
fracture strain of ~ 25% and energy absorbed until fracture of ~ 46 MJ/m3 was observed in 
the case of PM synthesized Mg 1.98 vol. % TiO2 nanocomposite.        
g) For Mg-TiO2 composite system, powder metallurgy route is more effective in minimizing 
the tensile-compression asymmetry (TCA) with Mg 1.98 vol. % TiO2 exhibiting TCA 
value as low as 1.06 for Mg 1.98 vol. % TiO2 nanocomposite.      
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Effects of TiO2 powder morphology on 
the mechanical response of pure 





Nanofibers are one of the advanced and very promising nanomaterials with high specific area 
owing to their small diameters and are used for wide range of applications including biomedicine 
especially in tissue engineering, wound healing and drug delivery [1].  Several methods have been 
developed for fabrication of nanofibers such as [2]: (a) template [3], (b) self-assembly [4], (c) 
phase separation [5], (d) melt-blowing [6] and (e) electro spinning [7-9].  Among the fabrication 
methodologies, electrospinning is considered as the most promising technique for synthesizing 
large scale continuous fibers with fiber diameter in the range of few nanometers to micrometers 
[2].  It is a simple and most versatile method for producing rich variety of ultrathin fibers including 
polymers, ceramics and composites [10].  Further, unlike dispersion strengthened materials, fiber-
strengthened materials contain high modulus fibers that can carry the entire load transmitted by 
the matrix [11].  Titania (TiO2) exhibits high mechanical resistance, biocompatibility, chemical 
inertness, chemical stability in aqueous environments and available at low cost [12-15].   It is a 
bioactive material and a preferred reinforcement for improving the bioactivity of composites 
targeting biomedical applications exhibiting low toxicity to aquatic organisms  [16, 17].  The 
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results of the literature search revealed that no attempt was made so far to study and compare the 
isolated effects of titania nanofibers (1-D) and titania nanoparticulates (0-D) on altering the CTE, 
hardness, tensile and compressive response of monolithic pure magnesium synthesized by powder 
metallurgy technique in the absence of microstructural factors related to the presence of 
precipitates and heat treatment.  Accordingly, in the present study, Mg nanocomposites containing 
(1.98 and 2.5) vol. % TiO2 reinforcements in the form of NFs and NPs are synthesized by utilizing 
powder metallurgy technique coupled with microwave sintering process followed by hot extrusion.  
The physical, microstructural and mechanical properties of the nanocomposites are studied and 
compared.   
10.2 Results and discussion 
10.2.1 Synthesis of TiO2 Nanofibers 
Fabrication of TiO2 nanofibers involves three steps: (a) preparation of sol-gel, (b) electrospinning 
at 20 KV, 50 rpm, and (c) calcination process.   
a) Preparation of Sol-gel 
Initially, mixture of 4.5 g of titanium (IV) isopropoxide (C12 H28 O4 Ti) and ratio of 9 g acetic acid 
to 30 g ethanol containing 1.5 g of polyvinylpyrrolidone (PVP) was vigorously stirred at room 
temperature for 2 h to obtain 45 g of homogeneous polymer solution. A transparent solution 
(gelatin) was then prepared by stirring N,N-dimethylformamide (DMF) containing 7 wt. % 
polyacrylonitrile (PAN) for 2 h.  Finally, Sol-gel is obtained by vigorous stirring of the initial 
mixture with gelatin at room temperature for 2 h and is then introduced into the electrospinning 




A typical electrospinning setup consisting of a mechanical needle with a small orifice (~ 1 mm) 
connected to the sol-gel reservoir, high voltage supplier (20 KV) and an electrically ground 
rotating drum or collector (50 rpm) was utilized in this study (Figure 10.1).  Mechanical needle 
(syringe) is used to inject the sol-gel directed towards the rotating drum.  The orifice of the needle 
is connected to a high voltage (20 KV) for obtaining electrically charged jet of polymer solution.  
The solution jet solidifies or evaporates before reaching the collecting drum.  Stretching of the 
viscoelastic thread under the electric field combined with solvent evaporation leads to the 
formation of TiO2/PVP nanofibers and is deposited on the grounded collector.  The morphology 
of as-spun nanofibers was studied by using a scanning electron microscope (SEM) (Figure 10.2) 
indicating regular morphology with smooth surface having an average diameter of ~ 80 nm.  
Further, the energy dispersive X-ray spectroscopy (EDS) analysis identifies titanium (Ti) as an 
elemental component in the fibers indicating: (a) Ti ions embedded in the PVP polymer matrix 
and (b) Ti is loaded without any chemical or structural modifications into PVP polymer matrix to 
form an organic – inorganic nanocomposite.  
 
Figure 10.1: Schematic diagram of electrospinning process. 
 













   
 
Figure 10.2: SEM and EDS images of as-spun PVP/TTIP nanofibers before calcination. 
c) Calcination 
Calcination process was performed by using tube furnace (CARBOLITE Type 3216CC).  The as-
spun fibers obtained were initially dried for 12 h at 75 oC under vacuum.  In order to remove the 
polymer binder used in synthesizing sol–gels, the samples were calcined in air atmosphere at 600 
°C for 3 h utilizing heating rate of 10 oC/min.  Further, the average fiber dimension and aspect 
ratio were determined by tapping mode imaging using a Dimension 3100 Atomic Force 
Microscope (AFM) (Bruker, USA) on more than 15 fibers. The nanofibers were initially dispersed 
in ethanol by sonification and later drop cast on a mica substrate and dried in a vacuum dessicator 
prior to measurements.  When compared to that of TiO2 nanofibers obtained by as-spun condition 
(Figure 10.2), nil or minimal changes in the dimensions of nanofibers (Figure 10.3) was observed 
and is further confirmed from the representative AFM image (Figure 10.4). 
Figure 10.4 shows the granulometry of TiO2 nanoparticulate and nanofiber measured by 
utilizing Atomic Force Microscopy.  The shape and size of TiO2 nanoparticulate was found to be 




Figure 10.3: SEM image for TiO2 nanofiber after calcination at 600 oC. 
 
10.2.2 Synthesis, Density and Porosity measurements 
Fabrication of monolithic Mg and Mg-TiO2 nanocomposites containing TiO2 reinforcements (NPs 
and NFs) was successfully accomplished by utilizing powder metallurgy technique coupled with 
microwave sintering followed by hot extrusion.  The hot extruded rods of Mg materials exhibited 
shiny surface with absence of circumferential defects.  The observations made during the 
fabrication of Mg nanocomposites revealed minimal or nil oxidation which can be further 
confirmed through X - Ray Diffraction studies showing absence of oxides in the Mg based 
materials (monolithic and composites).  Density and porosity results of the synthesized pure Mg 
and Mg-TiO2 nanocomposites measured from different locations of the extruded rods are shown 








Figure 10.4: Granulometry of TiO2: (a) nanoparticulate and (b) nanofiber measured  




From the density measurements, marginal increase in the density values of pure Mg with the 
addition of TiO2 reinforcements exhibiting a maximum increase of ~ 3.4% with 2.5 vol. % TiO2 
addition was observed and thereby ensuring the suitability of the synthesized Mg materials for 
weight critical applications.  A maximum porosity of ~ 0.36% was observed in the case of Mg 2.5 
vol. % TiO2 nanocomposites containing TiO2 NFs.  Mg nanocomposites exhibited slightly higher 
porosity which is due to the presence of reinforcements [18].  From the results of the density and 
porosity measurements, it is observed that by utilizing the adopted synthesis methodology, near 
dense Mg based materials can be synthesized.      
Table 10.1: Density and CTE measurements of pure magnesium and Mg-TiO2 nanocomposites. 
                   
Material Type of reinforcement  








1.7377 0.1322 24.72 
Mg1.98 
TiO2 
NPs 4.67 1.98 
1.7892 
1.7880 0.2400 24.53 
NFs 4.67 1.98 1.7845 0.2643 24.48 
Mg 2.5 
TiO2 
NPs 5.87 2.50 
1.8023 
1.7965 0.3220 24.42 
          NFs 5.87 2.50 1.7958 0.3606 24.13 
 
10.2.3 X-Ray Diffraction studies 
The effects of TiO2 reinforcement morphology (NPs and NFs) on the crystallographic orientation 
of pure Mg is studied by utilizing X-Ray Diffraction (XRD).  Figure 10.5 shows the X-Ray 
diffractograms of the synthesized pure Mg and Mg-TiO2 nanocomposites taken along the 
transverse and longitudinal sections of the hot extruded samples.  The high intensity Mg peaks 
were prominently seen and the peaks corresponding to TiO2 were not visible in the synthesized 
Mg-TiO2 nanocomposites containing TiO2 NPs and NFs which is due to the limitation of filtered 
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X-ray to detect phases with low volume fraction [19].  However, the presence of TiO2 
reinforcements in Mg-TiO2 nanocomposites can be confirmed through microstructural 
characterization (Figures 10.6 and 10.7).   
 The ratio of maximum XRD intensity of Mg peaks to the respective prismatic (10-10), 
basal (0002) and pyramidal (10-11) intensities observed in the synthesized Mg materials indicated 
as X, Y and Z at 2θ = 32°, 34° and 36°, respectively (Figure 10.5), taken along both the transverse 
and longitudinal sections of the hot extruded samples (prior to tensile and compression testing) is 
shown in Table 10.2.  Along the transverse direction (perpendicular to the extrusion axis), changes 
in the basal plane intensity of pure Mg was observed with the addition of TiO2 reinforcements and 
among the synthesized Mg-TiO2 nanocomposites Mg 1.98 vol. % TiO2 containing TiO2 NPs 
exhibited the maximum increase in the basal plane intensity (Ibasal/Imax = 0.952).  Along the 
longitudinal direction (parallel to the extrusion axis), the XRD of hot extruded pure Mg exhibits 
strong basal texture having maximum intensity corresponding to the basal plane (at 2θ = 34°).  The 
dominance of basal plane intensity in extruded pure Mg samples shows that most of the basal 
planes are parallel to the extrusion direction, which is commonly found in wrought Mg materials 
[20-22].  With the addition of TiO2 NPs, the intensity corresponding to the pyramidal plane (at 2θ 
= 36°) increases and Mg 1.98 vol. % TiO2 nanocomposite exhibited the lowest basal plane intensity 
(Ibasal/Imax = 0.655).  With further addition of TiO2 NPs, the intensity of basal plane increased 
(Ibasal/Imax = 0.844).  The dominance of pyramidal plane intensity of pure Mg observed in Mg-TiO2 
nanocomposites containing TiO2 NPs indicate that the basal plane of pure Mg are no longer parallel 
to the extrusion direction.  In the case of TiO2 NFs addition, the intensity corresponding to the 
basal plane of pure Mg was found to decrease (Ibasal/Imax = 0.878) with 1.98 vol. % TiO2 and with 
further addition of NFs, the dominance of basal plane intensity of pure Mg was once again  
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Table 10.2: X Ray Diffractogram results of as extruded Mg-TiO2 nanocomposites  
    contatining TiO2 NPs and NFs.  
Material Reinforcement Section Plane I/Imax 
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* T and L represents XRD taken along transverse and longitudinal sections of Mg-TiO2  
    nanocomposites 






X, Y, Z represent 2θ = 32°, 34° and 36° corresponding to (1 0−1 0) prism, (0 0 0 2) basal and (1 0−1 1) pyramidal planes respectively. 
Δ indicates expected intensity peaks corresponding to TiO2 at 2θ = 25.2°, 36.9°, 48°, 53.8°, 55°.  
 
Figure 10.5:  X- Ray diffractograms of pure Mg and Mg-TiO2 nanocomposites containing NPs and NFs taken along (a) the cross  




      
     (a)      (b) 
      
   (c)      (d) 
                                           
      (e) 
 
Figure 10.6: Microscopic images showing grain characteristics of: (a) Pure Mg, (b)  
                Mg1.98TiO2 NPs (c) Mg1.98TiO2 NFs (d) Mg2.5TiO2 NPs (e)               
    Mg2.5TiO2NFs.    
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(a)      (e) 
         
(b)      (f) 
             
(c)      (g) 
          
   (d)      (h) 
                                                                           
Figure 10.7: Distribution of TiO2 NPs and NFs in (a) Mg1.98TiO2 NPs (b) Mg1.98TiO2  
NFs (c) Mg2.5TiO2 NPs (d) Mg2.5TiO2NFs & interfacial integrity of TiO2 NPs and 
NFs in (e) Mg1.98TiO2 NPs (f) Mg1.98TiO2 NFs (g) Mg2.5TiO2 NPs (h) 
Mg2.5TiO2NFs.    
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observed.  Thus, critical amount of ultrafine reinforcements and their morphology play a vital role 
in modifying the basal texture of pure Mg.           
10.2.4 Microstructure 
The grain size measurements utilizing optical micrographs of etched pure Mg and Mg-TiO2 
nanocomposites containing TiO2 reinforcements (NPs and NFs) (Figure 10.6) indicate relatively 
finer grains in the case of Mg-TiO2 nanocomposites when compared to that of monolithic pure 
Mg.  With addition of TiO2 reinforcements, the decrease in the grain size of pure Mg (Table 10.3) 
is observed which is due to: (a) the ability of TiO2 reinforcements (NPs and NFs) to nucleate Mg  
grains during recrystallization and (b) presence of distributed TiO2 reinforcements in the Mg 
matrix inducing grain boundary pinning thereby inhibiting recrystallized Mg grain growth.  The 
fundamental principle behind the ability of fine inclusions in the metal matrix to nucleate 
recrystallized grains and to inhibit grain growth has been established already [23, 24].    When 
compared to TiO2 NFs, the presence of TiO2 NPs within the Mg metal matrix is found to inhibit 
grain size of pure Mg more significantly with a maximum decrease of ~ 22% observed in the case 
of Mg 2.5 vol. % TiO2 NPs.  Further, the distribution of TiO2 reinforcements in the Mg-TiO2 
nanocomposites is observed through FESEM and is shown in Figure 10.7 indicating minimal 
agglomeration of reinforcements in the composites.    
10.2.5 Coefficient of thermal expansion (CTE) 
The experimental CTE values of monolithic pure Mg and Mg (1.98 and 2.5) vol. % TiO2 
nanocomposites containing TiO2 reinforcements (NPs and NFs) are measured in the temperature 
range of 50 to 400 °C and the results are shown in Table 10.1.  With the addition of TiO2 
reinforcements, CTE values of pure Mg decreased only marginally.  The decrease in the CTE 
values observed in the Mg nanocomposites is due to: (a) reasonably uniformed distribution of TiO2 
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reinforcements (Figure 10.7) having lower CTE of ~ 9 x 10-6 K-1 [25] and (b) good interfacial 
integrity between the TiO2 reinforcements and Mg metal matrix (Figure 10.7).  Further, when 
compared to TiO2 NPs, presence of TiO2 NFs within the Mg matrix appears to have considerable 
effect on lowering the CTE values of pure Mg and thereby improving its dimensional stability.  
Table 10.3:  Results of microstructure and microhardness studies. 
Sl. 
No Material 








1 Mg 32±1.5 1.5±0.4 50±2  





3 Mg 1.98TiO2 NFs 
29±2  
(↓9% ) 1.3±0.5 
63±2  
(↑26%)  











* Percentage increase/decrease in the grain size and microhardness of Mg-TiO2 nanocomposites 
containing TiO2 reinforcements (NPs and NFs) are mentioned within brackets. 
10.2.6. Microhardness 
The results of microhardness measurements of the synthesized Mg materials are shown in Table 
10.3.  Monolithic pure Mg exhibited the lowest microhardness value of 50 Hv and with the addition 
of TiO2 reinforcements, the hardness value of pure Mg increased which is due to reasonably 
uniform distribution and high hardness (700 Hv) of TiO2 reinforcements within the Mg matrix.  
Further, when compared to TiO2 NPs, the presence of TiO2 NFs significantly increases the 
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hardness values of pure Mg by serving as a more effective constraint to localized deformation 
during indentation and as high as ~ 44% enhancement was observed in the case 2.5 vol. % TiO2 
NFs addition.  
 
 
Figure 10.8:   Room temperature tensile properties of Mg-TiO2 nanocomposites  
       containing TiO2 NPs and NFs. 
10.2.7 Tensile properties 
Room temperature tensile properties of pure Mg and Mg (1.98 and 2.5) vol. % TiO2 
nanocomposites containing TiO2 reinforcements in the form of NPs and NFs and their 
representative stress-strain curves are shown in Table 10.4 and Figure 10.8, respectively.  It is 
observed that the presence of TiO2 reinforcements (NPs and NFs) marginally lowers the tensile 
strength of pure Mg.  With addition of TiO2 NPs, only a marginal increase in the tensile yield 
strength (0.2% TYS) of pure Mg was observed and Mg 2.5 vol. % TiO2 nanocomposite exhibited 
the maximum 0.2% TYS of ~ 91 MPa.  However, the ultimate tensile strength (UTS) of Mg-TiO2 
nanocomposites was found to be lower than that of pure Mg and similar observations were reported 
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with Mg-TiO2 nanocomposites containing TiO2 NPs processed by disintegrated melt deposition 
technique (liquid synthesis) [26].  Whereas, the presence of TiO2 reinforcements in the form of 
NFs affected both the 0.2% TYS and UTS of pure Mg (Table 10.4) with Mg 1.98 vol. % TiO2 
exhibiting ~ 80 MPa and ~ 130 MPa, respectively, which are lower than that of pure Mg by ~ 10 
MPa.   
Table 10.4: Results of room temperature tensile testing of Mg-TiO2 nanocomposites. 
Material 
 
Reinforcement 0.2% TYS 

































































The tensile fracture strain of pure Mg containing 1.98 vol. % TiO2 NPs and NFs significantly 
increased by ~ 45% and ~ 35%, respectively.  From the XRD studies (Table 10.2 and Figure 10.5), 
the ratio of I/Imax corresponding to the basal plane intensity measured along the extrusion axis 
(longitudinal direction) of Mg 1.98 vol.% TiO2 nanocomposite containing TiO2 NPs and NFs is 
0.655 and 0.878, respectively.  This indicates that the presence of 1.98 vol. % TiO2 reinforcements 
weakens the strong basal texture of pure Mg and thereby contributing to significant increase in the 
tensile fracture strain with limited or no improvement in the 0.2% TYS.  Similar observations with 
Mg materials containing ultrafine reinforcements in the form of NPs have been reported previously 
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[21, 22, 26].  With further addition of TiO2 reinforcements (2.5 vol. %), the tensile fracture strain 
of pure Mg decreased and this may be due to: (a) dominance of strong basal texture of pure Mg 
observed through XRD studies with I/Imax corresponding to the basal plane intensity (Table 10.2) 
measured along the extrusion axis (longitudinal direction) of Mg 2.5 vol. % TiO2 nanocomposite 
containing TiO2 NPs and NFs of 0.844 and 1, respectively, (b) possible clustering of TiO2 
reinforcements within the Mg matrix and (c) increased nanocomposites porosity (Table 10.1).  Mg 
2.5 vol. % TiO2 nanocomposite containing TiO2 NFs exhibited higher tensile fracture strain when 
compared to that of Mg 2.5 vol. % TiO2 with NPs which may be due to more reasonably uniform 
distribution of TiO2 NFs (Figure 10.7).  Figure 10.9 shows the fracture surfaces of pure Mg and 
Mg-TiO2 nanocomposites under tensile loading.  For all the synthesized Mg materials, the 
fractography image indicate cleavage mode of fracture highlighting that the fracture behavior of 
Mg composites is greatly controlled by the Mg matrix material.  With the addition of TiO2 
reinforcements, refined fracture features when compared to that of pure Mg was observed.          
 The ability of a material to absorb energy up to fracture under tensile loading (EA) 
corresponding to the area under the stress-strain curve of pure Mg was found to increase with the 
addition of up to 1.98 vol. % TiO2 reinforcements (NPs and NFs) which is due to: (a) marginal 
changes in the strengths of nanocomposite and (b) their higher tensile fracture strain.    With further 
addition of TiO2 reinforcements (2.5 vol. %), the energy absorbed (EA) was found to decrease and 
Mg 2.5 vol. % TiO2 nanocomposite containing TiO2 NPs exhibited EA of ~ 8.6 MJ/m3 which is ~ 
29% lower than that of pure Mg.  Among the synthesized Mg-TiO2 nanocomposites, Mg 1.98 vol. 
% TiO2 containing TiO2 NPs exhibited the maximum of ~ 17.5 MJ/m3 which is ~ 45% greater than 
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Figure 10.9: Fractography images of Mg-TiO2 nanocomposites after tensile loading: (a)  
         Pure Mg, (b) Mg1.98TiO2 NPs (c) Mg1.98TiO2 NFs (d) Mg2.5TiO2 NPs (e)                         





10.2.7 Compression properties  
Room temperature compression properties of pure Mg and Mg (1.98 and 2.5) vol. % TiO2 
nanocomposites containing TiO2 reinforcements in the form of NPs and NFs and their 
representative stress-strain curves are shown in Table 10.5 and Figure 10.10, respectively.  With 
the addition of TiO2 reinforcements, increase in the 0.2% compressive yield strength (0.2% CYS) 
of pure Mg was observed with Mg 1.98 vol. % TiO2 nanocomposite containing NPS and NFs 
exhibiting a maximum of ~ 90 MPa which is ~ 18% greater than that of pure Mg.  But, the ultimate 
compressive strength (UCS) of Mg-TiO2 nanocomposites containing TiO2 NPs was found to be 
lower than that of pure Mg with Mg 2.5 vol. % TiO2 nanocomposite exhibiting a minimum of ~ 
233 MPa which is ~ 15% lower than that of pure Mg and similar observations with decrease in 
UCS of pure Mg was reported with Mg-TiO2 nanocomposites processed by disintegrated melt 
deposition technique (liquid synthesis) [26].  Whereas, the presence of TiO2 NFs was found to 
improve both the 0.2% CYS and UCS of pure Mg significantly with Mg 1.98 vol.% TiO2 
nanocomposite exhibiting a maximum 0.2% CYS and UCS of ~ 90 MPa and ~ 300 MPa, 
respectively which is ~ 18% and ~ 9% greater than that of pure Mg.  The improvement in the UCS 
of pure Mg with addition of TiO2 NFs may be due to the effective transferring of load from the 
Mg matrix to the TiO2 NFs when compared to that of TiO2 NPs [27].   For effective strengthening 
due to load bearing, when compared to that of NFs, higher volume fraction NPs in metal matrix 
nanocomposites is necessary [28].  Some of the important mechanisms that may be responsible for 
increase in the compression strength of Mg-TiO2 nanocomposite are: (a) Orowan strengthening 
effect due to the presence of distributed TiO2 NPs and NFs within the Mg matrix accounting for 
dislocation bowing [21, 26, 28, 29] and (b) Hall-Petch strengthening due to reduction in grain size 




Figure 10.10: Room temperature compression properties of Mg-TiO2 nanocomposites  
        containing TiO2 NPs and NFs. 
The compressive fracture strain of pure Mg was found to increase with the addition of TiO2 
reinforcements with Mg 1.98 vol. % TiO2 nanocomposite containing TiO2 NPs exhibiting a 
maximum compressive strain of ~ 25% which is ~ 25% greater than that of pure Mg.  The ability 
of a material to absorb energy up to fracture under compressive loading (EA) corresponding to the 
area under the stress-strain curve (Figure 10.9) of Mg-TiO2 nanocomposites was found to be 
higher than that of pure Mg with Mg 2.5 vol. % TiO2 nanocomposite containing NFs exhibiting a 
maximum of ~ 52 MJ/m3 which is ~ 54% greater than that of pure Mg. Figure 10.11 shows the 
fracture surfaces of pure Mg and Mg-TiO2 nanocomposites under compressive loading.  Fracture 
in pure Mg and Mg-TiO2 nanocomposite was found to occur 45° with respect to the compression 
loading axis and their representative fractographs indicate presence of shear bands.  No change in 
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the fracture modes of Mg-TiO2 nanocomposite samples containing TiO2 NPs and NFs under 
compression loading was observed.  




































































The tensile deformation of Mg materials is governed by slip mode with basal slip as the most 
dominant mechanism [21].  Whereas, under compression loading, due to the lower critically 
resolved shear stress (CRSS) to activate twinning, the initial deformation of Mg materials is by 
tensile twinning [21].  Thus, under room temperature loading, extruded Mg materials exhibit 
higher tensile yield strength but lower compressive yield strength and this is attributed to their 
strong basal texture (Figure 10.5, Table 10.2) with basal planes parallel to the extrusion direction 
[30, 31].  The tension-compression asymmetry (TCA) values of the synthesized Mg materials are 
shown in Table 10.6.  The synthesized Mg-TiO2 nanocomposites exhibited lower TCA values 
when compared to that of pure Mg (1.20) with Mg 1.98 vol. % TiO2 nanocomposite exhibiting as 
low as 1.06 and 0.89 for TiO2 NPs and NFs, respectively and thereby exhibiting weakening of 
basal texture of pure Mg.  This allows non-basal cross slip activation to occur and thereby, among 
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the synthesized Mg-TiO2 nanocomposites, Mg 1.98 vol. % TiO2 exhibited higher tensile fracture 
strain of ~ 14.5% and ~ 13.5% for TiO2 in the form of NPs and NFs, respectively.  With 2.5 vol. 
% addition of TiO2 reinforcements (NPs and NFs), the TCA value of the nanocomposites increased 
to 1.13 and 1.02, respectively, indicating the dominance of basal texture of pure Mg and thereby 
leading to a slight increase in its 0.2% TYS with significant decrease in its tensile fracture strain 
when compared to that of Mg 1.98 vol. % TiO2. 
Table 10.6: Room temperature Tensile – Compression Asymmetry (TCA) of the           
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     (e) 
 
Figure 10.11: Fractography images of pure Mg and Mg-TiO2 nanocomposites after  
      compression loading: (a) Pure Mg, (b) Mg1.98TiO2 NPs (c) Mg1.98TiO2 NFs (d)  
      Mg2.5TiO2 NPs (e) Mg2.5TiO2NFs.   
10.3. Conclusions 
In the present study, near dense Mg (1.98 and 2.5) vol. % TiO2 nanocomposites containing TiO2 
reinforcements in the form of NPs and NFs are successfully synthesized utilizing powder 
metallurgy technique coupled with microwave sintering followed by hot extrusion and the effects 
of morphology of TiO2 reinforcements on the physical, microstructural and mechanical properties 
of the Mg nanocomposite are studied.  The primary conclusions of the current experimental 
findings as follows: 
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a) Through XRD studies, it is observed that morphology of ultrafine reinforcements play a 
vital role in texture modification of HCP metals such as Mg.  Presence of 1.98 vol. % TiO2 
in the form of nanoparticulates contributed more to the weakening of strong basal texture 
of pure Mg with I/Imax value corresponding to the basal plane intensity measured along the 
extrusion axis (longitudinal direction) of the nanocomposite of ~ 0.655 when compared to 
that of Mg 1.98 vol. % TiO2 nanocomposite containing TiO2 nanofibers (0.878).   
b) Significant grain refinement of pure Mg with the addition of TiO2 reinforcements (NPs and 
NFs) was observed.  TiO2 in the form of nanoparticulates was found to decrease grain size 
of pure Mg more significantly with Mg 2.5 vol. % TiO2 nanocomposite exhibiting a 
maximum decrease of ~ 25 μm which is ~ 22% lower than that of pure Mg.   
c) Presence of TiO2 in the form of nanofibers contributed significantly to the hardness values 
of pure Mg with Mg 2.5 vol. % TiO2 nanocomposite exhibiting a maximum hardness value 
of ~ 72 Hv which is ~ 44% greater than that of pure Mg. 
d) Under room temperature tensile loading, significant increase in the tensile fracture stain of 
pure Mg with addition of 1.98 vol. % TiO2 reinforcements was observed with Mg 1.98 vol. 
% TiO2 nanocomposite containing TiO2 in the form of nanoparticulates exhibiting a 
maximum tensile fracture strain of ~ 14.5% which is 45% greater than that of pure Mg.  
Further addition of TiO2 (2.5 vol. %) reinforcements significantly affected the tensile 
fracture strain of pure Mg.  The presence of TiO2 reinforcements within Mg matrix 
marginally affected its tensile strength properties by ~ 10 MPa with Mg 2.5 vol. % TiO2 




e) Under room temperature compression loading, the 0.2% CYS and compressive fracture 
strain of nanocomposites was found to be higher than that of pure Mg with Mg 1.98 vol. 
% TiO2 nanocomposites containing TiO2 in the form of both NPs and NFs exhibiting a 
maximum 0.2% CYS of ~ 90 MPa and fracture strain of ~ 25% (for 1.98 vol. % TiO2 NPs), 
respectively.  The UCS of Mg-TiO2 nanocomposite containing TiO2 in the form of NFs 
was found to be higher than that of pure Mg and nanocomposites containing TiO2 NPs with 
Mg 1.98 vol. % TiO2 nanocomposite (with NFs) exhibiting a maximum UCS of ~ 300 MPa 
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The main aim of this study is to develop novel magnesium nanocomposites containing titanium 
based reinforcements. 
A. Study on the effect of type of titanium based nanoparticulates (metal and ceramics) 
on the microstructure and mechanical properties of pure Mg in the absence of 
microstructural factors related to the presence of precipitates and heat treatment 
synthesized by disintegrated melt deposition technique followed by hot extrusion.  Ti 
based reinforcements such as Ti (metal) and ceramics of Ti (TiC, TiN, TiB2 and TiO2) 
were utilized: 
The following conclusions were drawn from the structure property correlation: 
I. Utilizing the adopted synthesis methodology (disintegrated melt deposition 
technique followed by hot extrusion), near dense Mg-Ti based nanocomposites 
containing low volume fraction Ti (metal) and ceramics of Ti NPs can be 
synthesized.  It is observed that with marginal increase in the density of pure Mg, 
the presence of Ti based NPs significantly improve its mechanical properties.   
II. The grain size of pure Mg was found to decrease with the addition of NPs which is 
due to: (a) the ability of NPs to nucleate Mg grains during recrystallization and (b) 
restriction in the grain growth of pure Mg due to grain boundary pinning by NPs.  
It is observed that among the Mg nanocomposites containing Ti (metal) and 
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ceamics of Ti, TiX (where X = C, O2, N, B2) NPs, Mg-Ti nanocomposites exhibited 
lowest grain size of ~ 1.25 µm with 1.98 vol. % Ti addition and this may be due to 
good wetting of Ti by molten Mg matrix.    
III. Addition of critical amounts of ceramics of Ti NPs such as (0.58 and 0.97) vol. % 
TiB2, (0.58 and 0.97) vol. % TiC, (0.58, 0.97, 1.98) vol. % TiO2, (0.58, 0.97) and 
1.98) TiN contribute to weakening of strong basal texture of pure Mg and thereby 
aids in improving the fracture strain values of Mg materials under tensile loading.  
Similar texture randomization was not observed with Mg-Ti nanocomposites 
indicating that Ti NPs do not have the ability to modify the strong basal texture of 
pure Mg. 
 
* Volume fraction of reinforcements are utilized as data labels and 0* indicate 
hardness values of pure Mg utilized for comparison in the case of Mg-TiC, Mg-
TiB2 and Mg-TiO2 nanocomposites. 
 
Figure 11.1: Influence of volume fraction and type of Ti nanoparticulates on the 
grain size and Microhardness values of pure Mg. 
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Table 11.1: Orowan strengthening contribution towards 0.2% TYS of Ti based  





σOrowan [MPa]  
and 
interparticulate 
spacing λ [nm] 













σOrowan 36.83 35.08 18.41 12.27 
λ 68.30 71.70 337.00 205.00 
0.97 
σOrowan 46.25 44.05 23.12 15.41 
λ 54.40 57.10 108.00 163.00 
1.98 
σOrowan 65.09 62.00 32.54 21.69 
λ 38.70 40.60 77.30 116.00 
2.5 
σOrowan 73.42 69.93 
NA λ 34.20 36.03 
 
IV. Figure 11.1 shows the influence of volume fraction and type of Ti NPs (metal and 
ceramics) on the microhardness values of pure Mg.  Within the Mg-Ti based 
nanocomposite systems such as Mg-Ti, Mg-TiB2, Mg-TiC and Mg-TiO2, it is 
observed that the hardness value of pure Mg increases with: (a) increasing volume 
fraction of NPs and (b) decrease in the grain size.  Among the Mg nanocomposites, 
Mg 1.98 vol. % TiB2 exhibited the maximum hardness value of 76 Hv which may 
be due to: (a) the presence of harder TiB2 NPs of hardness value ~ 960 Hv or ~ 34 
GPa [1], (b) relatively larger NPs size (~ 60 nm) which may assist in more effective 
load bearing creating constraint to localized plastic deformation and (c) for NPs of 
size less than 80 nm, dispersion of NPs is inversely proportional to its size and 
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among the NPs, TiB2 (60 nm) has more possibility for relatively more uniform 
dispersion within the Mg metal matrix.   
V. The influence of particulate size and volume fraction of reinforcements on the 
interparticulate spacing (λ) and Orowan strengthening contribution (σOrowan) 
towards 0.2% TYS of Mg-Ti based nanocomposites is shown in Table 11.1.  In the 
case of Mg 0.58 TiN nanocomposite, to realize σOrowan of ~ 37 MPa, TiN NPs need 
to be uniformly distributed with an average interparticulate spacing of ~ 68 nm.  
With further increase in the volume fraction of TiN NPs, value of λ decreases and 
for Mg 2.5 vol. % TiN, λ of 34.20 nm is to be achieved to realize σOrowan of ~ 73 
MPa.  Experimentally, it is difficult to achieve uniform distribution of NPs with λ 
closer to the theoretically predicted values in the range of nm scale lengths.  The 
effectiveness of synthesis methodology in the dispersion of NPs within the metal 
matrix play a vital role in composite technology and failing which clustering of 
NPs: (a) affecting mean effective particulate size within the metal matrix leading 
to distribution of particle sizes and (b) randomized λ values within the metal matrix 
may be observed.  In the case of adopted synthesis methodology (disintegrated melt 
deposition technique, DMD), stirring parameters play a vital role in controlling the 
clustering effects within the composites.  The density of Ti based reinforcements 
utilized for synthesizing Mg nanocomposites was found to be in the range of ~ 4.5 
to 5.25 g/cc indicating minimal or no significant changes and thereby with the 
adopted synthesis methodology utilizing constant stirring parameters (465 rpm for 
6 min) make the study a fair comparison among the Mg-Ti based nanocomposites.  
Theoretically, for a constant volume fraction, σOrowan in the case of Mg-TiN and 
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Mg-TiO2 materials was found to be the maximum due to the presence of lower 
particulate size of ~ 20 nm and ~ 21 nm, respectively. The effect of synthesis 
methodology (DMD) on the dispersion of TiO2 NPs by experimentally measuring 
the value of λ was studied in Chapter 9.  It was found that the presence of TiO2 NPs 
of size ~ 21 nm contributed only ~ 4 MPa and ~ 7 MPa to the 0.2% TYS in the case 
of Mg (1.98 and 2.5) vol. % TiO2 nanocomposites, respectively.  Therefore, in the 
case of Mg-TiN nanocomposites with TiN NPs of size and density (~20 nm and 
5.22 g/cc) closer to that of TiO2 NPs (~ 21 nm and 4.23 g/cc), the Orowan 
strengthening contribution (σOrowan) may be considered almost negligible. 
VI. Table 11.2 shows the experimental and predicted TYS values of the synthesized 
Mg-TiN nanocomposites.  It is observed that σMg+ σHall-Petch model is in closest 
agreement with the experimental 0.2% TYS of Mg-TiN and other Mg-Ti based 
nanocomposites compared to summation and modified Clyne models for predicting 
particle strengthening.  The increase in the 0.2% TYS of Mg-Ti based 
nanocomposites is mainly due to the influence of Hall-Petch strengthening.  For a 
constant volume fraction, Mg-Ti (metal) nanocomposites exhibited higher 0.2% 
TYS when compared to that of composites containing Ti (ceramics) NPs.  Mg 1.98 
vol. % Ti, with Ti NPs of size ~ 40 nm, exhibited the maximum 0.2% TYS of ~ 
162 MPa which is attributed to the lowest grain size value of ~ 1.25 μm.  Further, 
among the Mg nanocomposites containing Ti (ceramics) NPs, Mg-TiB2 and Mg-
TiN nanocomposites exhibited higher 0.2% TYS and ~ 140 MPa 0.2% TYS was 
observed with Mg 1.98 vol. % TiB2.       
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VII. Figure 11.2 shows the influence of volume fraction and type of Ti reinforcement 
on the strength and fracture strain values of Mg nanocomposites under tensile 
loading.  The error bars with lower and upper limits are utilized to indicate the 
0.2%TYS and UTS of the composites, respectively.  It is observed that presence of 
Ti (ceramic) NPs within the Mg metal matrix significantly improve the tensile 
fracture strain value of pure Mg when compared to that of Ti (metal) NPs and 
among the Mg MMCs containing Ti based reinforcements, Mg 0.97 TiC exhibited 
the maximum tensile fracture strain value of ~ 22%. 
 
 
* Data labels within the graph denote the volume fraction of NPs utilized in the study. The error 
bars with lower and upper limits indicate 0.2%TYS and UTS of the nanocomposites, 
respectively. 
 
Figure 11.2: Influence of volume fraction and type of Ti nanoreinforcement on the tensile  







Table 11.2:  Contribution of Orowan and Hall-Petch strengthening mechanisms and predicted 




























134.00 18.41 130.00 221.41 204.30 203.00
0.97 135.00 23.12 177.10 273.22 251.60 250.10




93.00 12.27 46.03 150.30 139.64 138.03
0.97 110.00 15.41 52.91 160.32 147.11 144.91




94.00 18.41 53.88 146.29 130.94 127.88
0.97 87.00 23.12 58.34 155.46 136.75 132.34




80.00 35.08 46.03 173.11 149.87 138.03
0.97 97.00 44.05 52.00 188.05 160.15 144.00
1.98 102.00 62.00 58.38 212.38 177.16 150.38





91.00 36.83 58.38 202.21 176.03 165.38
0.97 112.00 46.25 72.30 225.55 192.83 179.30
1.98 130.00 65.09 77.65 249.74 208.32 184.65
2.50 135.00 73.42 84.42 264.84 218.88 191.42
 
* σMg is the 0.2% TYS of pure Mg, σsummation, σModified-Clyne and σMg+ σHall-Petch are summation of 
strengthening contributions [2], modified Clyne [3] and recently developed Hall-Petch  analytical 





Improvement in the tensile fracture strain values in the case of Mg MMCs 
containing Ti ceramics (brittle phases) NPs is due to the ability of the ultrafine 
particulates to weaken the basal texture of pure Mg which is observed through X-
Ray diffraction studies.  
VIII. Figure 11.3 shows the influence of Ti based NPs on the compressive properties of 
pure Mg.  The error bars with lower and upper limits indicate the 0.2% CYS and 
UCS of Mg-Ti based nanocomposites, respectively.  The presence of Ti (metal) 
NPs within the Mg metal matrix was found to significantly improve the strength 
properties of pure Mg under compression loading.  The improvement in the strength 
properties of Mg-Ti (metal) nanocomposites may be due to significant grain 
refinement contributing to Hall-Petch strengthening.  Mg 0.97 vol. % Ti exhibited 
the highest compression strength properties of ~ 130 MPa (0.2% CYS) and ~ 413 
MPa (UCS), respectively.  The compressive strain values of Mg-Ti (metal) 
nanocomposites was found to be lower than that of pure Mg (~ 18%).  When 
compared to Ti (metal) NPs, presence of Ti (ceramic) NPs significantly improved 
the compressive fracture strain values of pure Mg.  Among the Ti (ceramics) NPs, 
Mg 1.98 vol. % TiN exhibited the maximum compressive strength properties of ~ 
103 MPa (0.2%CYS) and ~385 MPa (UCS), respectively and Mg (0.58 and 0.97) 
TiC exhibited the maximum compressive fracture strain value of ~ 22.5%.     Mg-
Ti (ceramic) nanocomposites were found to exhibit higher compressive fracture 
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* Data labels within the graph denote the volume fraction of NPs utilized in the study. The error 
bars with lower and upper limits indicate 0.2%CYS and UCS of the nanocomposites, 
respectively. 
 
Figure 11.3: Influence of volume fraction and type of Ti nanoreinforcement on the compressive  
                     properties of pure Mg. 
 
B. Study on the effects of type of primary processing techniques such as disintegrated 
melt deposition (DMD, liquid phase) and powder metallurgy (PM, solid phase) on the 
microstructural and mechanical properties of low volume fraction TiO2 NPs (~ 21 
nm) reinforced Mg composite.   
212 
 
I. Grain size of both DMD and PM synthesized pure Mg decreased with the addition 
of TiO2 NPs contributing to the Hall-Petch strengthening.  For the same volume 
fraction addition of TiO2 NPs, when compared to PM technique, grain refinement 
in DMD synthesized pure Mg was found to be more significant with ~ 40% and ~ 
47% for (1.98 and 2.5) vol. % TiO2 NPs addition, respectively.  
II. Presence of TiO2 NPs in pure Mg increases the microhardness values with DMD 
synthesized pure Mg exhibiting a maximum improvement in the hardness values of 
~ 25% and ~ 30% for (1.98 and 2.5) vol. % TiO2 NPs additions, respectively.   
III. For designing of Mg MMCs, critical selection on particulate size and volume 
fraction addition of NPs along with effectiveness of the adopted synthesis 
methodology to activate Orowan strengthening through achieving more uniform 
distribution of NPs has to be studied.  The results of microstructural 
characterization for investigating the minimum interparticulate spacing between the 
TiO2 NPs indicate that DMD synthesis is relatively more effective in the dispersion 
of TiO2 NPs with minimal agglomeration of TiO2 NPs.  But, for both the synthesis 
techniques, the contribution of Orowan strengthening theoretically calculated 
utilizing the observed interparticulate spacing within the Mg matrix of the 
synthesized Mg-TiO2 nanocomposite is found to be insignificant indicating absence 
of Orowan strengthening in Mg-TiO2 nanocomposites.   
IV. Among the mechanisms contributing to the strength of Mg MMNCs, Hall Petch 
strengthening is found to be the only significant mechanism with ߪெ௚ ൅
	ߪு௔௟௟ି௉௘௧௖௛ (Hall-Petch) model in closest agreement with the experimental 0.2% 
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TYS of both DMD and PM synthesized nanocomposites compared with summation 
and modified Clyne models.   
V. Under tensile loading, the strength improvement was more noticeable in Mg-TiO2 
nanocomposites synthesized through liquid-phase synthesis (DMD technique).  PM 
synthesized Mg 1.98 vol. % TiO2 exhibited a maximum tensile fracture strain (~ 
14.5%) along with inappreciable changes in the 0.2% TYS.  When compared to 
DMD synthesized Mg-TiO2 nanocomposites, the increase in the tensile fracture 
strain of PM synthesized Mg 1.98 vol. % TiO2 is due to the activation of non-basal 
cross-slip which is confirmed from the XRD studies and TCA values. 
VI. Under compression loading, the 0.2% CYS of PM synthesized pure Mg was found 
to increase with the addition of 1.98 vol. % TiO2 NPs by ~ 18% (~ 90 MPa) and 
further addition of 2.5 vol. % lead to decrease (~ 81MPa) in the 0.2% CYS.  The 
UCS of both the DMD and PM synthesized pure Mg decreased with the addition 
of TiO2 NPs.  Maximum fracture strain of ~ 25% and energy absorbed until fracture 
of ~ 46 MJ/m3 was observed in the case of PM synthesized Mg 1.98 vol. % TiO2 
nanocomposite.        
VII. For Mg-TiO2 composite system, powder metallurgy route is more effective in 
minimizing the tensile-compression asymmetry (TCA) with Mg 1.98 vol. % TiO2 
exhibiting TCA value as low as 1.06 for Mg 1.98 vol. % TiO2 nanocomposite.      
C. Study the effect of morphology of TiO2 reinforcement in the form of nanoparticulates 
and nanofibers on the microstructure and mechanical properties of pure Mg 




I. Through XRD studies, it is observed that morphology of ultrafine reinforcements 
play a vital role in texture modification of HCP metals such as Mg.  Presence of 
1.98 vol. % TiO2 in the form of nanoparticulates contributed more to the 
weakening of strong basal texture of pure Mg with I/Imax value corresponding to 
the basal plane intensity measured along the extrusion axis (longitudinal direction) 
of the nanocomposite of ~ 0.655 when compared to that of Mg 1.98 vol. % TiO2 
nanocomposite containing TiO2 nanofibers (0.878).   
II. Significant grain refinement of pure Mg with the addition of TiO2 reinforcements 
(NPs and NFs) was observed.  TiO2 in the form of nanoparticulates was found to 
decrease grain size of pure Mg more significantly with Mg 2.5 vol. % TiO2 
nanocomposite exhibiting a maximum decrease of ~ 25 μm which is ~ 22% lower 
than that of pure Mg.   
III. Presence of TiO2 in the form of nanofibers contributed significantly to the 
hardness values of pure Mg with Mg 2.5 vol. % TiO2 nanocomposite exhibiting a 
maximum hardness value of ~ 72 Hv which is ~ 44% greater than that of pure Mg. 
IV. Under room temperature tensile loading, significant increase in the tensile fracture 
strain of pure Mg with addition of 1.98 vol. % TiO2 reinforcements was observed 
with Mg 1.98 vol. % TiO2 nanocomposite containing TiO2 in the form of 
nanoparticulates exhibiting a maximum tensile fracture strain of ~ 14.5% which is 
45% greater than that of pure Mg.  Further addition of TiO2 (2.5 vol. %) 
reinforcements significantly affected the tensile fracture strain of pure Mg.  The 
presence of TiO2 reinforcements within Mg matrix marginally affected its tensile 
215 
 
strength properties by ~ 10 MPa with Mg 2.5 vol. % TiO2 nanocomposite 
containing TiO2 nanoparticulates exhibiting the maximum 0.2% TYS of ~ 91 MPa. 
V. Under room temperature compression loading, the 0.2% CYS and compressive 
fracture strain of nanocomposites was found to be higher than that of pure Mg with 
Mg 1.98 vol. % TiO2 nanocomposites containing TiO2 in the form of both NPs 
and NFs exhibiting a maximum 0.2% CYS of ~ 90 MPa and fracture strain of ~ 
25% (for 1.98 vol. % TiO2 NPs), respectively.  The UCS of Mg-TiO2 
nanocomposite containing TiO2 in the form of NFs was found to be higher than 
that of pure Mg and nanocomposites containing TiO2 NPs with Mg 1.98 vol. % 
TiO2 nanocomposite (with NFs) exhibiting a maximum UCS of ~ 300 MPa which 
is ~ 9% greater than that of pure Mg.     
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In the current research work, firstly, new magnesium nanocomposites containing Ti based 
reinforcements are produced by utilizing disintegrated melt deposition technique followed by hot 
extrusion.  Secondly, Mg-TiO2 nanocomposites containing TiO2 in the form of nanoparticulates 
were primarily synthesized by disintegrated melt deposition (liquid-phase) and powder metallurgy 
(solid-phase) techniques followed by hot extrusion.  Finally, Mg-TiO2 nanocomposites containing 
TiO2 powder in the form of nanoparticulates and nanofibers were synthesized by powder 
metallurgy technique utilizing microwave sintering followed by hot extrusion.  The 
microstructural and mechanical properties of the synthesized materials showed interesting 
properties. However, to further investigate and assess the feasibility of the developed materials, 
future work may be explored as follows: 
1. Initial work done for future studies of the synthesized materials: 
For assessing the suitability of synthesized Mg 1 vol. % Ti and Mg 1 vol. % TiB2 (1 vol. 
%  = 2.5 wt. % for both Mg-Ti and Mg-TiB2 composites) for biomedical applications, in 
vitro degradation properties of materials were studied.  The mechanical properties of the  
the synthesized pure Mg and Mg 2.5 wt.% Ti, Mg 2.5 wt.%TiB2 nanocomposites are 
compared to that of natural bone as shown in Table 12.1.  For ascertaining the in vitro 
corrosion properties of the composites, the samples were immersed in DMEM + 10% FBS 
+ 1% Penicillin were calculated at different soaking intervals (1, 2, 3, 5, 7, 10, 14, 21 and 
28 days) for an exhaustive study on degradation behavior of the nanocomposites.  The 
corrosion rates of the synthesized Mg materials were calculated using ASTM: G31-72 and 
are shown in Table 12.2.  From the corrosion rates, it was observed that Mg 2.5 wt.% TiB2 
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degrades completely within 3 days and has the lowest corrosion resistance when compared 
to that of pure Mg and Mg 2.5 wt. % Ti nanocomposite.      



























(MPa) - 1.5-38 - - 
Pure Mga 37.5 92±5 157±5 332±10 8.2±0.2 
Mg 2.5 
wt.% Tia 
39.17 135±3 197±8 413±15 8.3±0.6 
Mg 2.5 wt. 
% TiB2a 
38.06 110±3 173±8 333±9 16±0.5 
      












1 0 0 27.81 
2 0.6890 0 129.87 
3 0.6890 0 154.40 
5 0.5512 0.3415 - 
7 0.3937 0.0089 - 
10 0.2756 0.1366 - 
14 0.1968 0.0976 - 
21 0.1312 0.0650 - 




From the corrosion rates of pure Mg and Mg 2.5 wt.% Ti nanocomposite samples, It is observed 
that up to 3 days of immersion, Mg 2.5 wt.% Ti nanocomposite exhibited zero degradation where 
as in pure Mg, after 24 h of immersion, the corrosion rate increased to a maximum of ~ 0.69 mm 
year-1 and gradually decreased.  Mg 2.5 wt % Ti nanocomposite samples exhibited the best 
corrosion resistance and retain its mechanical integrity.  The average corrosion rate of Mg 2.5 wt. 
% Ti nanocomposite was found to be ~ 0.1150 mm year-1 for 28 days which is ~ 71% lesser than 
that of pure Mg (0.3935 mm year-1).  Further, the 0.2% tensile yield strength (0.2% TYS) of pure 
Mg is found to be lesser than that of cortical bone.  The mechanical properties of Mg 2.5 wt. % Ti 
and Mg 2.5 wt. % TiB2 are greater than that of cortical and cancellous bones.   
Further testing on synthesized Mg-Ti based nanocomposites such as in vitro corrosion 
testing for degradation rates utilizing electrical impedance spectroscopy and potentiodynamic 
polarization studies, in vitro cytotoxicity testing such as MTT cell assay, cell proliferation, cell 
adhesion and cell differentiation utilizing osteoblastic cell lines targeting orthopedic applications 
and in vivo testing using small animals and later big animals are essential to classify the 
synthesized magnesium nanocomposites as biomaterials. 
2. Tribological, corrosion, oxidation and high temperature mechanical properties 
characterization studies to assess the reliability of materials in different environments. 
3. Creep and fatigue characterization studies to evaluate the performance of the composites 
for structural applications. 
4.  TEM studies for in-depth microstructural characterization. 
5. Electron back scatter diffraction or EBSD studies for understanding the texture behavior 
of synthesized composites. 
6. To characterize as-cast Mg composites for their microstructural and mechanical properties. 
